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ABSTRACT
E>vidence o f an active ENSO and PDO during the m id  Holocene from
a Costa R ican speleothem
by
A p r il D. Azouz
D r. M a tth e w  Lachn ie t, E x a m in a tio n  C om m ittee  C h a ir 
P rofessor o f Geoscience 
U n ive rs ity  o f Nevada, Las Vegas
The E l N in o /S o u th e rn  O s c illa tio n  (ENSO) and  th e  Pacific  D ecadal 
O sc illa tio n  (PDO) are the  m o s t im p o r ta n t sources o f in te ra n n u a l to 
m u ltid e ca d a l c lim a te  v a r ia b ility  in  the  tro p ics . A h ig h  re so lu tio n  (-3 .8  
years /  sam ple) pa leoc lim a te  record  o f C e n tra l A m erica n  ra in fa ll v a r ia b ility  
has been re co n s tru c te d  fro m  a U /T h -d a te d  s ta lagm ite  (7890 to  6490  y rs  
B.P.) fro m  C osta R ica to  c o n s tra in  the  on se t and  v a r ia b ility  o f ENSO 
th ro u g h o u t th e  Holocene, and  to  d e te rm in e  its  ro le in  genera ting  reg iona l 
c lim a te  anom alies . I suggest d r ie r  c o n d itio n s , forced by E l N ino  a n d /o r  
the  PDO, are represen ted  b y  h ig h e r va lues, and  are co rre la tive  w ith  
h ig h e r va lues, in d ic a tin g  th a t so il re s p ira tio n  ra tes  are affected by 
reg iona l c lim a te  v a r ia b ility , w h ic h  are recorded  in  the  spe leothem  
s tra tig ra p h y  grayscale  va lues. T h is  s tu d y  p rov ides new  evidence, based 
on  3 d iffe re n t p rox ies , th a t th ro u g h o u t th e  m idd le  Holocene, ra in fa ll was
111
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va ry in g  a t in te rd e ca d a l tim esca les, w h ich  I a ttr ib u te  to  low  frequency 
v a r ia b ility  in  ENSO and  th e  PDO.
IV
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CHAPTER 1
INTRODUCTION 
Purpose o f S tudy  
The deve lopm ent o f h ig h  q u a lity  Holocene pa leoc lim a te  records 
th ro u g h o u t th e  tro p ic a l Pacific  is  c ru c ia l to  o u r  u n d e rs ta n d in g  o f the  
d r iv in g  forces th a t  p roduce  the  tw o d o m in a n t m odes o f Pacific c lim a te  
v a r ia b ility : the  E l N ino  S o u th e rn  O sc illa tio n  (ENSO) and  the  Pacific  
D ecadal O sc illa tio n  (PDO). The tro p ics  receive the  g rea tes t a m o u n t o f 
so la r ra d ia tio n , and  as the  ‘hea t eng ine ’ fo r g loba l c irc u la tio n  are 
respons ib le  fo r d r iv in g  a tm osphe ric  and  oceanic c irc u la tio n  to  h ig h e r 
la titu d e s . Few q u a n tita t iv e  te rre s tr ia l iso to p ic  p a le o c lim a tic  s tu d ies  ex is t 
fo r th is  p a r t o f the  w o rld , the re fo re , u n d e rs ta n d in g  tro p ic a l c lim a te  
h is to iy  is im p o r ta n t because i t  p rov ides in fo rm a tio n  fo r ENSO and  PDO 
p red ic tive  c lim a te  m o de ling  and  fu tu re  w a te r use p la n n in g  in  C en tra l 
Am erica .
M any s tu d ie s  th ro u g h o u t the  Pacific  b as in  suggest th a t the  Holocene 
is cha rac te rized  by  an  increase in  ENSO frequency  and  a m p litu d e  
tow a rds  the  p re sen t s ince the  m id-H o locene  (Moy e t a l., 2002 ; Tudhope 
e t a l., 2001 ; Cole, 2001 ; R odbe ll e t a l., 1999). The m id d le  Holocene is o f
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specia l in te re s t because v a rio u s  p ro xy  records and m o de ling  s tud ies  
suggest th a t ENSO w as su p p ressed /w eakened  d u r in g  th is  period  (O tto- 
B le isn e r,1999 ; T u dhope  e t a l., 2001 ; C lem en t e t a l., 2000 ; K ou tavas e t 
a l. 2002), and  o n ly  betw een 7 0 0 0 -5 0 0 0  years B.P. d id  the  onset o f 
m odern  ENSO c o n d itio n s  beg in  (M oy e t al. 2002; R odbe ll e t a l., 1999; 
Sandw eiss e t a l., 2001). N o t a ll reg ions are affected b y  tro p ic a l Pacific  
c lim a te  v a r ia b ility  in  the  same m a n n e r and  m agn itude , there fore  
know ledge o f the  s ta b ility  o f te leconnections  between C osta  R ica and  
o th e r reg ions d ire c t ly  a ffected  by  ENSO and  the  PDO d u r in g  the  Holocene 
w il l  he lp  e luc ida te  h o w  the  tro p ics  respond  to  c lim a tic  s h ifts  and 
v a ria tio n s  in  m o is tu re  a v a ila b ility .
T rop ica l c lim a te  change is  re flected  in  speleothem  ca rbona te  because 
oxygen isotope v a r ia t io n s  re fle c t the  a m o u n t o f ra in fa ll. Speleothem s are 
cave ca lc ite  depos its  th a t  in co rp o ra te  ra in fa ll derived oxygen in to  th e ir  
p re c ip ita te d  ca lc ite , and  can  be p rec ise ly  da ted  by U -series isotopes 
(R ichards and  D ora le , 2003). In  th is  s tu d y , a spe leothem  is used as a 
pa leoc lim a te  p ro xy  to  de te rm in e  the  ro le  o f ENSO and  th e  PDO in  
genera ting  reg iona l c lim a te  anom a lies  in  C osta R ica th ro u g h o u t the  
m idd le  Holocene.
C osta R ica is loca ted  betw een 9 -11° N and  is fo u n d  a t a lm o s t the  
n a rro w e s t p o in t on  the  C e n tra l A m e rica n  is th m u s  (F igure  1.1). C osta 
R ica is segm ented b y  h ig h  C ord ille ras, the re fo re , the  oceanic and 
c lim a to lo g ica l a ffects  on  C osta  R ica are p roduced  fro m  b o th  the  Pacific
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Ocean a n d  C aribbean  Sea (W aylen e t a l., 1996). C osta R ica is  an  
im p o r ta n t area to  do cum e n t the  spe leothem  isotope reco rd  because i t  is 
a reg ion  d ire c tly  affected by Pacific  c lim a te  v a r ia b ility  and  sh o u ld  provide  
a re lia b le  reco rd  to  tra c k  changes in  the  m ig ra tio n  o f th e  In te r tro p ic a l 
Convergence Zone (ITCZ). D u r in g  E l N ino  events and  the  pos itive  phase 
o f the  PDO, d r ie r  co n d itio n s  th ro u g h o u t C osta  R ica are p ro d u ce d  (W aylen 
et a l., 1996) due to  an  increase in  SSTs across the  e q u a to ria l Pacific 
Ocean, w h ic h  d isp laces the  ITCZ fu r th e r  so u th . C osta R ica is  a key 
reg ion  a ffected by ENSO and  the  PDO, the re fo re , pa leoc lim a te  records 
generated the re  sh o u ld  re fle c t ENSO and  PDO h is to ry .
The goal o f th is  s tu d y  is  to  de te rm ine  the  ro le  o f Pacific  c lim a te  
v a r ia b ility , ENSO and the  PDO, in  C en tra l A m erica  th ro u g h o u t the  m id - 
Holocene. A h ig h  re so lu tio n  ra in fa ll p ro xy  based on oxygen iso tope  (0^®0) 
v a ria tio n s  has been re co n s tru c te d  fro m  a C osta  R ican spe leothem . The 
a m o u n t e ffect is  the  d o m in a n t c o n tro l on  Ô^^O v a ria tio n s , the re fo re  
d u r in g  E l N ino  events and  the  w a rm  phase o f the  PDO, d r ie r  co n d itio n s  
w ith  h ig h e r Ô^^O va lues sh o u ld  be recorded in  spe leo them  carbona te .
C arbon  iso tope  (Ô^^C) va r ia tio n s , com b ined  w ith  Ô^^O as a ra in fa ll 
p roxy , w ere analyzed to  address the  re la t io n s h ip  betw een tro p ic a l ra in fa ll 
and  b io lo g ica l re sp ira tio n . C arbon  isotope va lues in  spe leo them s are 
dependen t on the  p h o to syn th e tic  p a th w a y  o f o ve rly in g  vegeta tion  (Dorale 
et a l., 1998; R ich a rds  and  D ora le , 2003), so il re s p ira tio n , s o il/w a te r  ro ck  
e q u ilib ra tio n  tim e  (B aker e t a l., 1997), an d  c lim a te  (B u rn s  e t a l., 2002).
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G raysca le  s tra tig ra p h ie  ana lys is  w as a lso perfo rm ed, and  p rov ides an  
u lt r a  h ig h  re s o lu tio n  record  o f the  in te rn a l spe leothem  s tra tig ra p h y , 
re s u lt in g  in  th ree  tim e  series w h ic h  w il l  be com pared to  e s tab lish  a 
c lim a te  p ro xy  th a t  can  be used  to  resolve ra in fa ll v a r ia b ility  and  ca rb on  
cyc lin g  w ith in  the  so il zone, ove rly in g  lim estone  bedrock, and 
a tm o sp he ric  CO2 , over the  in te rv a l o f speleothem  g row th .
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F igu re  1.1. M ap o f C e n tra l A m erica . S ta r in d ica te s  lo ca tio n  o f fie ld  
area in  B a rra  H onda  N a tio n a l P a rk  in  C osta  R ica
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CHAPTER 2
BACKGROUND 
G eologica l B a ckg round  
D u r in g  the  P liocene, the  convergence o f the  C aribbean  p la te  w ith  the 
Cocos and  Nazca p la tes  p roduced  the  Is th m u s  o f Panam a, w h ich  
in c lu d e s  C osta  R ica  and  Panam a (D uque-C aro , 1990). The o ldes t rocks  
fo u n d  in  C osta  R ica  are the  o p h io lit ic  Late Mesozoic N icoya C om plex, 
w h ic h  are J u ra s s ic  to  U ppe r C retaceous sea floo r ro cks  (M ora, 1992; 
C as tillo -M u n o z , 1983). S ince the  la te  Mesozoic, several te c to n ic  events 
have accre ted, fa u lte d , u p lifte d , and  a llow ed depos ition  o f oceanic and 
n e r it ic  sed im en ts  (M ora, 1992). The R ivas fo rm a tio n , w h ic h  cons is ts  
p r im a r ily  o f in te rbe d d ed  m ud s to ne s  and  s ilts tones , d ire c tly  overlies the 
C retaceous o p h io lite  sequence.
D u rin g  the  Eocene, the  B a rra  H onda  fo rm a tio n , co n s is tin g  o f sha llow  
w a te r ree f lim es tones , were la te r u p lifte d  above sea level and  com m on ly  
show  evidence o f k a rs tic  fea tu res  (F igure 2.1). B a rra  H onda  N a tiona l 
Park, w h ic h  is one o f the  best kn o w n  and  best developed areas o f k a rs t 
in  C en tra l A m erica , is  loca ted  in  the  Tem pisque B as in  w here the  N icoya 
P e n insu la  jo in s  th e  m a in la n d  (F igure 2.2). The m a x im u m  th ickn e ss  o f
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the  B a rra  H onda  fo rm a tio n  is  -2 5 0  m  a n d  i t  is  n o t ove rla in  b y  an y  o th e r 
u n it ,  suggesting th a t co n tin u o u s  u p li f t  o f th is  reg ion o ccu rred  since 
depos ition  d u r in g  the  Eocene (M ora, 1992).
Terciope lo  cave, w h ic h  is  w here  sam ple  CT-7 was co llected , is  one o f 
the  m any  caves loca ted  in  B a rra  H onda  N a tio n a l Park. B a rra  H onda 
p re sen tly  receives -1 .5  m  o f ra in  each ye a r (Coen, 1983) and  the  m ean 
m o n th ly  tem p e ra tu re  in  the  G uanacaste  d ry  fo res t w as 28°C  fo r the  
pe riod  between 1960-1970  (G ordon e t a l., 1974).
Cave and  S peleothem  F o rm a tio n
U nsubm erged  lim estone  caves p rov ide  a favorable  e n v iro n m e n t fo r 
spe leothem  ca lc ite  depos ition , w h ic h  p re c ip ita te s  fro m  d rip w a te rs  
e n te rin g  the  cave fro m  the  la n d  surface  above (e.g. W h ite , 2004). 
Speleothem  fo rm a tio n  re s u lts  fro m  ra in fa ll p e rco la tin g  th ro u g h  the  so il 
zone. As ra in w a te r in f ilt ra te s  the  so il, b io log ica l re s p ira tio n  increases the  
pC 02, w h ic h  is  h ig h e r th a n  the  pCOs in  the  a tm osphere . T h is  so il 
m o is tu re  is  charged w ith  the  b iogen ic  CO 2 , w h ic h  increases the  a c id ity  o f 
w a te r b y  the  fo rm a tio n  o f ca rb on ic  acid . W a te r in f iltra te s  d ow nw ard  
u n t i l  i t  reaches the  ca rbona te  bedrock , w here  i t  perco la tes th ro u g h  
fra c tu re s  w ith in  the  lim estone , d isso lv ing  the  ca lc ite  u n t i l  re ach in g  
ca lc ite  sa tu ra tio n . U pon reach in g  a p re -e x is tin g  cave w ith  a tm o sp he ric  
pC 0 2  co n ce n tra tio n s , ca lc ite  sa tu ra te d  g ro u n d w a te r w il l  degas CO2 
(Hendy, 1971), re s u lt in g  in  p re c ip ita tio n  o f so lid  ca lc ite  spe leothem s
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(F igure 2.3). Pa leoclim ate  in fo rm a tio n , in  the  fo rm  o f ô i^ o  and 
va lues are a lso preserved w ith in  the  ca lc ite  s tru c tu re  o f th e  spe leo them  
(Gascoyne, 1992).
The in te rn a l spe leothem  s tra tig ra p h y  can  d isp la y  v a ry in g  degrees o f 
co lo r a nd  in te n s ity  w hen  view ed in  b o th  re flected  and  u lt ra v io le t l ig h t 
(Van B eynen  e t a l., 2001), and  can  prov ide  pa leoc lim a te  in fo rm a tio n  in  
c o m b in a tio n  w ith  stab le  iso tope ana lys is . Speleothem s fluo resce  due to 
the  presence o f o rgan ic  ac ids trapped  w ith in  the  ca lc ite  (Gascoyne,
1977), v a ry in g  co n ce n tra tio n s  o f trace  e lem ents (Jam es, 1997), a n d  can 
re s u lt fro m  d iffe rences in  p o ro s ity  o f in d iv id u a l layers, d rive n  by 
in f i l t ra t io n  a nd  d r ip w a te r ra te  (Genty, 1992). L u m in e sce n t la m in a tio n s  
are dependen t on  surface  c lim a te , s o il/  vegeta tion  ch a ra c te ris tic s , and  
g ro u n d w a te r hyd ro lo g y  a t the  site (Baker e t a l., 1999), the re fo re , the  
in te rn a l spe leo them  s tra tig ra p h y  prov ides an  exce llen t 
p a le o e n v iro n m e n ta l p roxy.
Oxvgen and  C arbon  Isotopes
Isotopes are used  as trace rs  o f ce rta in  geochem ica l processes, such  as 
eva po ra tion , p re c ip ita tio n , and  p ho to syn thes is . A n  iso tope is  an  a tom  
w ith  the  same n u m b e r o f p ro to ns  and  a d iffe re n t n u m b e r o f n e u tro n s  
loca ted  in  its  n u c le u s . Isotopes o f an  e lem en t have id e n tic a l chem ica l 
p rope rtie s , b u t d if fe r  in  th e ir  m asses. Iso top ic  fra c tio n a tio n  occu rs  due
8
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to  the  d iffe rence  in  m asses, in  w h ic h  c e rta in  geochem ical processes 
p re fe r e ith e r the  heav ie r o r lig h te r  fo rm  o f th a t e lem ent.
Iso top ic  va lues are reported  as ra tio s  expressed in  de lta  (Ô) n o ta tio n  
w here R= o r expressed in  pe r m il (%o) n o ta tio n  w ith
respect to tw o  s ta n d a rd s : V ie nn a  PeeDee B e lem n ite  (VPDB) fo r ca lc ite , 
and  V ie n n a  S ta n d a rd  M ean Ocean W a te r (VSMOW) fo r  w ater.
Ô (% o )  =  R sam n le" R s tan d ard  ^  1 0 0 0  
R stan d ard
w here  R= i ^o / is q  o r 
M any  fac to rs  c o n tr ib u te  to  the  va lues o f spe leothem  ca lc ite . The 
average va lues  o f ra in fa ll m ay re fle c t the  te m p e ra tu re  o f 
condensa tion , se asona lity  o f p re c ip ita tio n , ice vo lum e effect, co n tin e n ta l 
effects, sources o f w a te r va p o r and  the  a m o u n t e ffect (D ansgaard, 1964; 
H a rm o n  e t a l., 1978). The a ir  te m p e ra tu re  in  C osta R ica  does n o t va ry  
m ore th a n  a few degrees a n n u a lly , and  w ith in  a cave system , 
te m p e ra tu re  v a r ia tio n s  are dam pened re la tive  to  the  a tm osphe ric  
tem pe ra tu re . V a r ia tio n s  in  ô i^O  va lues due to  te m p e ra tu re  dependent 
fra c tio n a tio n  are lik e ly  to be co n s ta n t, because a t ~25°C, cave 
te m p e ra tu re  v a r ia tio n s  o f ~1°C sh o u ld  re s u lt in  o n ly  a 0.25%o effect on 
va lues o f spe leo them  ca lc ite  p re c ip ita tin g  in  iso to p ic  e q u ilib r iu m  
w ith  d r ip  w a te rs  (K im  and  O ’N eil, 1997). A lso, in  p o o rly  ve n tila te d  
tro p ic a l caves, such  as Terc iope lo  cave, w here  re la tive  h u m id ity  is  near 
100% ye a r-ro u n d , k in e t ic  fra c tio n a tio n  fro m  e vapo ra tion  sh o u ld  be 
m in im a l.
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In  the  tro p ics , v a ria tio n s  in  va lues o f ra in fa ll in d ica te  changes in  
the  a m o u n t o f p re c ip ita tio n  due to  the  ‘a m o u n t e ffec t’ (D ansgaard, 1964), 
in  w h ic h  the  in it ia l ra in fa ll is  en riched  in  isotopes, w h ile  fu r th e r  
p re c ip ita tio n  becomes in c re a s in g ly  deple ted in  isotopes (D ansgaard, 
1964; R ozanski, 1993; L a ch n ie t and  P a tte rson , 2003 , 2006) (F igure 2.4). 
K in e tic  fra c tio n a tio n  caused by  ra p id  CO2 degassing, ra p id  ca lc ite  
p re c ip ita tio n  and  cave-w ater evapo ra tion  m a y  a lso a ffec t th e  d^®0 and 
di3C va lues  o f s ta lagm ite  ca rbona te  (M ick le r e t a l., 2004). In  tro p ica l 
reg ions, the  m o s t lik e ly  source o f k in e tic  fra c tio n a tio n  w o u ld  be due to 
ra p id  degassing o f CO2 fro m  ca rb o n a te -sa tu ra te d  d r ip  w a te rs , and  n o t 
fro m  eva po ra tion  o f w a te r (M cD erm ott, 2004), due to  the  h ig h  re la tive  
h u m id ity  w ith in  the  cave system . E va p o ra tio n  w ith in  the  so il zone cou ld  
a ffect the  d^^O va lues o f spe leothem  ca lc ite  and  w o u ld  increase the  d^^Q 
va lue  o f d r ip  w a te r before reach ing  the  s ta lagm ite  (Lachn ie t e t a l.,
2004a). R ap id  CO2 degassing p roduces an  e n ric h m e n t in  d^^O va lues, 
w h ic h  re s u lts  in  a s h if t  in  the  d^®0 va lues in  th e  same d ire c tio n  as the  
a m o u n t e ffect (B u rn s  e t a l., 2002). For exam ple , ra p id  degassing 
p roduces h ig h e r d^^O va lue , s im ila r ly  to  the  a m o u n t effect, w here  d r ie r  
co n d itio n s  p roduce  h ig h e r d^^O va lues. There fore, k in e t ic  fra c tio n a tio n  
due to ra p id  degassing o r e va po ra tion  w ith in  the  so il zone, leads to an 
increase in  the  d^^O va lues o f the  spe leo them  ca lc ite .
M any fa c to rs  in flu e n ce  spe leo them  d^^c va lues. The ca rbon  isotope 
co m p o s itio n  o f spe leothem s can  be used to  in fe r  the  iso top ic  com pos ition
10
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o f a tm osphe ric  CO 2 (B aska ran  and  K r is h n a m u rth y , 1993), type o f 
vegeta tion  o ve rly ing  the  cave (Dorale e t a l., 1992), c o n tr ib u tio n  o f so il 
ca rbon  re la tive  to  a q u ife r lim estone , the  d isso lved in o rg a n ic  ca rb on  (DIG) 
co n te n t o f the  d rip w a te r, and  c lim a te  (B u rns  e t a l., 2002). D iy  tro p ic a l 
ra in fo re s t vegeta tion , w h ic h  is  loca ted  th ro u g h o u t B a rra  H onda  N a tio n a l 
Park, is  d o m in a te d  by  C3 p la n ts , w h ic h  p roduce  va lues in  
spe leothem s to  have a range betw een -14  to  -6%o VPDB. P lan ts  th a t 
u tiliz e  the  C4 pa th w a y , su ch  as w a rm  season grasses and  m aize, e x h ib it 
h ig h e r va lues and  p roduces spe leothem  va lues betw een -6  to  
+2%o VPDB. In  e n v iro n m e n ts  w here  the  so il-w a te r residence tim e  is 
sho rt, com ple te  iso to p ic  e q u ilib ra tio n  betw een so il CO2 and  in f i l t ra t in g  
w a te r m ay n o t o ccu r, re s u lt in g  in  w a te r c o n ta in in g  an  iso to p ica lly  
heavie r a tm o sp he ric  CO 2 com ponen t (M cD erm ott, 2004).
K in e tic  fra c tio n a tio n  processes, such  as evapora tion , ra p id  CO 2 
degassing, and  p r io r  ca lc ite  p re c ip ita tio n  w o u ld  e n rich  the  va lues  o f 
the  p re c ip ita te d  ca lc ite . To de te rm ine  the  effects o f e q u ilib r iu m  ve rsus 
k in e tic  fra c tio n a tio n  o f tro p ic a l spe leothem s, M ic k le r e t a l. (2004) 
analyzed d r ip  w a te r sam ples, CaCOa p re c ip ita te d  on  glass p la tes , and 
spe leothem  and  va lues. A lth o u g h  spe leothem s m ay  appear to 
p re c ip ita te  in  iso to p ic  e q u ilib r iu m , M ic k le r e t al. (2004) con c lude d  th a t 
k in e tic  fra c tio n a tio n  effects m o s t lik e ly  are o ccu rrin g , w h ic h  can  increase 
o r decrease the  va lues. P re c ip ita tio n  o f ca lc ite  in  iso top ic  
e q u ilib r iu m  is assum ed  to  o ccu r w hen  cave e n v iro n m e n ts  have h ig h
11
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re la tive  h u m id ity , w h ic h  is  an a ssu m p tio n  th a t  m u s t be m ade in  o rd e r to 
use and  va lues o f spe leothem s as a pa leoc lim ate  proxy.
C lim a to lo g ica l B a ckg ro u n d  
The tw o  d o m in a n t fa c to rs  th a t c o n tro l in t ra -  and in te r-a n n u a l 
p re c ip ita tio n  th ro u g h o u t m u c h  o f C e n tra l A m erica  are the  a n n u a l 
m ig ra tio n  o f the  In te r tro p ic a l Convergence Zone (ITCZ) and  ENSO 
(W aylen e t a l., 1996). The ITCZ is a zone o f low  pressure  th a t occurs  
w here th e  N o rtheas t and  S ou th eas t trade  w in d s  converge a t -5 -1 0 °  N, 
re s u lt in g  in  a b a nd  o f heavy p re c ip ita tio n . The ITCZ m ig ra tes  seasona lly  
fo llo w in g  the  m o s t in tense  so la r ra d ia tio n  and  the  w a rm e s t sea surface 
te m p e ra tu re s  (SSTs) to  reach  -1 2 °  N in  A u g u s t and recede to  its  
s o u th e rn m o s t p o s itio n  in  F e b ru a iy  (Coen, 1983).
The a n n u a l m ig ra tio n  o f the  ITCZ re s u lts  in  w et and  d iy  seasons in  
the  tro p ics , and  toge the r w ith  seasonal changes in  w in d  d ire c tio n , is 
re fe rred  to  as the  C e n tra l A m erica  M onsoon (G ia n n in i e t a l., 2000). The 
w e t season in  C osta R ica co m m o n ly  s ta rts  in  M ay and  las ts  th ro u g h  
Novem ber, w h ile  the  d ry  season o ccu rs  fro m  D ecem ber to A p r il (Coen, 
1983). A lth o u g h  ra in  can  o ccu r in  the  d ry  season, -7 0 %  o f the  a n n u a l 
p re c ip ita tio n  fa lls  d u r in g  the  w e t season (Coen, 1983).
The E l N in o /S o u th e rn  O sc illa tio n  (ENSO) a lso a ffects C osta  R ican 
c lim a te . There  is a s trong  l in k  betw een ENSO events and  large-sca le  
p re c ip ita tio n  p a tte rn s  (R opelew ski and  H a lp e rt, 1987). ENSO events
12
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o ccu r fro m  the  com plex in te ra c tio n  between th e  ocean and  a tm osphere . 
ENSO re fers  to  tro p ic a l Pacific Ocean v a r ia b ility , in c lu d in g  b o th  E l N ino  
a n d  La N ina  events. E l N ino  w a rm  events d is ru p t n o rm a l a tm osphe ric  
a n d  oceanic c irc u la tio n , w h ic h  p roduces anom a lous  w ea the r p a tte rn s  
th ro u g h o u t the  w o rld  every 2 -7  years (E n fie ld  and  C id , 1991). E l N ino  
m odu la tes  the  a n n u a l m ig ra tio n  o f the  ITCZ by  d isp la c in g  i t  fu r th e r  
so u th  near S o u th  A m erica . T h is  p ro lo ngs  the  d ry  season o f E l N ino  and  
p roduces d ro u g h t on the  Pacific C oast d ra inage  o f C osta R ica (W aylen et 
a l., 1996).
D u r in g  an  E l N ino  year, a w a rm  tongue  o f w a te r spreads eas tw ard  
a long  the  e q ua to r due to  a w eaken ing  o f the  trade  w in d s  and  p roduces 
large changes in  a tm o sp he ric  c irc u la t io n  (F igure 2.5). Above average 
SSTs in  the  E a s te rn  E q u a to r ia l Pacific  d u r in g  E l N ino  years can  induce  
an  ea rly  d ry  season th ro u g h  m u c h  o f so u th e rn  C e n tra l A m erica  (E n fie ld  
an d  A lfa ro , 1999). W hen SSTs are elevated fo r five o r m ore consecu tive  
m o n th s , an  E l N ino  w a rm  phase is  generated. The w a rm  phase is 
associa ted w ith  low er m ean a n n u a l p re c ip ita tio n  over m u ch  o f the  
e q u a to ria l A m erica s  (W aylen e t a l., 1996; V u ille  e t a l., 2003). D u r in g  a 
La N ina  year, the  opposite  occu rs , in  w h ic h  a cool tongue  spreads 
eastw ard  a long  th e  e q ua to r due to  a s tre n g th e n in g  o f the  trade  w in d s  
and  increases ra in fa ll on  the  Pacific  slope o f C osta  R ica and  decreases 
ra in fa ll on th e  A tla n tic  slope.
13
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S im ila r ly  to  ENSO, the  Pacific  D ecada l O sc illa tio n  (PDO) is a long- 
lived  E l N in o -like  p a tte rn  o f Pacific c lim a te  v a r ia b ility  (M an tu a  and H are, 
2002) (F igure  2.6). Three m a in  c h a ra c te r is tic s  d is t in g u is h  the  PDO fro m  
ENSO. F irs t, 2 0 ^  c e n tu ry  PDO events o ccu r on  longer tim esca les (20-30  
years) (M a n tu a  and  H are, 2002) com pared  to  ENSO events (2-7 years) 
(E n fie ld  a nd  C id, 1991). Second, the  p r im a ry  effects o f the  PDO o ccu r in  
the  e x tra tro p ics , m ore  sp ec ifica lly  in  the  N o rth  Pacific, w ith  secondary 
c lim a tic  effects in  the  tro p ics . However, ENSO p r im a r ily  a ffects the 
tro p ics  w ith  te leconnections  to  the  e x tra tro p ic s  o c c u rr in g  la te r. T h ird , 
w h ile  the  causes fo r ENSO v a r ia b ility  are re la tive ly  w e ll-un d e rs to o d , the 
causa l m e chan ism s fo r the  PDO re m a in  u n c le a r (M a n tu a  and  Hare, 
2002).
The PDO varies  fro m  w a rm  to  cool phases, s im ila r ly  to  ENSO. D u r in g  
w a rm  PDO phases, SSTs are a n o m a lo u s ly  cool in  the  ce n tra l N o rth  
Pacific w ith  a n om a lo us ly  w a rm  SSTs a long  th e  w est coast o f N o rth  
A m erica . Sea level p ressu re  (SLP) in  the  n o r th e rn  N o rth  Pacific is  low , 
caus in g  enhanced co u n te rc lo ckw ise  (cyclon ic) w inds . H igh  SLP occurs  
over the  n o rth e rn  s u b tro p ic a l Pacific , ca u s in g  enhanced c lockw ise  
(an ticyc lon ic) w in d s . The cool phases o f the  PDO are opposite  o f those 
associated w ith  the  w a rm  PDO phases (M a n tu a  and H are, 2002). 
T em p o ra lly , the  PDO flu c tu a te s  betw een com m on p e rio d ic itie s  in  the  15- 
25 year and  5 0 -70  ye a r b a nds  (M inobe, 1999). PDO v a r ia b ility  
dem on s tra tes  th a t “ n o rm a l” c lim a te  co n d itio n s  can va ry , re s u lt in g  in
14
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c lim a te  anom a lies  th a t can p e rs is t on decadal to  m u lti-d e c a d a l tim e  
periods. The PDO is dependent on  ENSO v a r ia b ility  on  a ll tim e  scales 
(Newm an e t a l., 2003); there fore , i t  is  th e ir  in te ra c tio n  th a t  de te rm ines  
in te ra n n u a l v a r ia b ility  o f the  tro p ic a l Pacific  (L lu ch -C o ta  e t a l., 2001).
P revious W o rk
A lth o u g h  the  in s tru m e n ta l record  o f tro p ic a l c lim a te  is  o n ly  p resen t 
fo r the p a s t -1 5 0  years, va rio u s  p ro xy  reco rds th ro u g h o u t the  tro p ic a l 
Pacific reco rd  p a s t ENSO events d u r in g  the  H olocene, w h ic h  in d ica te  
va riab le  in te n s itie s  and  recu rrence  in te rva ls  (e.g. Sandw eiss e t a l., 2001). 
R odbell e t al. (1999) and  M oy et al. (2002) used sed im en t cores fro m  an 
a lp ine  lake  in  E cu a do r th a t co n ta in s  c las tic  lam in a e  depos its  th a t 
d ire c tly  co rre la te  w ith  h is to r ic a l E l N ino  events. They suggested th a t 
in te ra n n u a l ENSO v a r ia b ility  w as d ra m a tic a lly  w eaker p r io r  to  -7 0 0 0  
years B .P  as show n by the  increase in  freq uency  o f the  c la s tic  lam inae  
deposits  a fte r 7000  y rs  B.P.
C ora ls  can reco rd  seasonal to  a n n u a l re s o lu tio n  (Gagan e t a l., 2000) 
and  are exce llen t pa leoc lim a te  prox ies. The s tab le  iso to p ic  co m p os itio n  o f 
co ra ls  can  ex tend  the  in s tru m e n ta l reco rd  o f tro p ic a l c lim a te  b a ck  to  the 
la te  Q u a te rn a ry  (C harles e t a l., 2003). S ince co ra ls  o n ly  grow  in  w a rm  
tro p ic a l w a te rs  and  ENSO is  focused p r im a r ily  in  the  tro p ics , co ra ls  
reco rd  a n n u a l to  m o n th ly  va r ia tio n s  and  can  p roduce  lo n g -te rm  ENSO 
reco rds  re la tive  to  the  h is to r ic a l record  o f ENSO. C ora ls  fro m  the  tro p ic a l
15
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Pacific have been the  focus o f m a n y  pa leoc lim ate  s tu d ies  due to  the  
im po rta n ce  o f ENSO in  g loba l c lim a te  v a r ia b ility  (Gagan e t a l., 1999). 
However, h ig h  re s o lu tio n  co ra l reco rds are o ften  d is c o n tin u o u s  and  o f 
s h o rt d u ra t io n  (Cole e t a l., 1993). A fu r th e r  p rob lem  is  th a t co ra ls  m ay 
b leach d u r in g  v e iy  w a rm  E l N ino  events, w h ic h  cou ld  a lte r the  o r ig in a l 
iso top ic  s ig n a tu re  (L ins ley  e t a l, 1994).
ENSO p a leoc lim a te  reco rds based on  speleothem s can com p lem en t 
those derived  fro m  co ra ls  (Lachn ie t e t a l., 2004 ; B rooks  e t a l., 1999).
M os t spe leo them -based pa leoc lim a te  re co n s tru c tio n s  re ly  u p o n  oxygen 
iso top ic  m easu rem en ts  o f spe leo them  ca lc ite  o r u p o n  th ickn e ss  o f a n n u a l 
g row th  bands (e.g., F le itm a n n  e t a l., 2004) because oxygen isotopes fro m  
tro p ic a l spe leo them s p rov ide  a de ta iled  ra in fa ll record  re la tin g  to  ENSO. 
F o r exam ple, to b e tte r p re d ic t the  In d ia n  M onsoon and  its  l in k  to  ENSO, 
F le itm a n n  et a l. (2004) analyzed th ree  s ta lagm ites  fro m  S ou th e rn  O m an 
w h ic h  p rov ided  a d e ta ile d  In d ia n  Ocean m onsoon ra in fa ll record  fo r the  
p a s t 780 years. L a c h n ie t e t al. (2004) generated a h ig h  re s o lu tio n  Ô^^O 
ra in fa ll reco rd  fro m  the  Is th m u s  o f Panam a to  de te rm ine  the  in flu e n ce  
ENSO has on ge ne ra ting  reg iona l hyd ro log ie  anom alies. Speleothem s 
co llected  fro m  loca tio n s  s u rro u n d in g  the  Pacific  Ocean, and  th ro u g h o u t 
the  w o rld , can generate h ig h  re s o lu tio n  lon g -te rm  reco rds o f ENSO 
v a r ia b ility  th ro u g h o u t th e  Holocene.
To illu s tra te  the  lo n g -te rm  tre n d s  in  the  PDO, several s tud ies  have 
used  p ro xy  evidence to  dem on s tra te  PD O -re la ted  c lim a te  change. A
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de nd roch rono logy  s tu d y  re co n s tru c te d  fo r N o rth  A m e rica n  a ir  
te m p e ra tu re  since 1600 A .D ., d em on s tra ted  th e  5 0 -70  yea r PDO 
p e rio d ic ity  th ro u g h o u t the  e n tire  reco rd  (F r itts , 1991; M inobe, 1997).
The S r /C a  v a r ia b ility  in  long -live d  co ra ls  fro m  the  w este rn  tro p ic a l Pacific 
show  a s tro n g  PDO s igna l in  the  ex trac ted  SST h is to iy  (L ins ley e t a l., 
2000), suggesting  th a t ro b u s t te le conne c tions  to  the  tro p ics  and  the  
s o u th e rn  hem isphere  e x is t (Evans e t a l., 2000).
17







































1 I         I meters
L im estone : B a rra  H onda  F o rm a tio n  (Eocene)
In te rbedded  s ilts ton e  and  m u d s to ne : R ivas F o rm a tio n  
(Paleocene)
O p h io lite  Sequence (no t show n): N icoya C om plex 
(Ju rass ic-C re taceous)
F igure  2.1. C ross-sec tiona l v iew  o f B a rra  H on d a  N a tio n a l Park. S tra tig ra p h ic a lly , the  
o ldest u n it  is  the  N icoya com plex, a lth o u g h  i t  is  n o t v is ib le  in  B a rra  H onda  N a tiona l 
Park. B la ck  lines  o ve rly ing  the R ivas F o rm a tio n  illu s tra te  fo lded  beds. Adapted  fro m  
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F igu re  2 .2 . D ig ita l E le va tion  M odel o f so u th e rn  C en tra l 
A m erica . The s ta r rep resen ts  B a rra  H onda  N a tio n a l P ark 
loca ted  on the  N icoya P e n in su la  o f C osta  R ica. The D EM  source 
is the  USGS GTOPO30 da ta  set US G eolog ica l S urvey (1996).
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F igu re  2 .3 . S chem atic  d iag ram  il lu s tra t in g  cave fo rm a tio n  
processes. W a te r in f iltra te s  th ro u g h  the  so il zone w here 
b io log ica l re s p ira tio n  increases pCOs in  the  so il, and  increases 
the  a c id ity  o f the  in f i l t ra t in g  w ate r. As w a te r reaches the  
lim es ton e  bedrock , i t  d isso lves the  lim estone  u n t i l  sa tu ra tio n . 
Once the  w a te r reaches a p re e x is tin g  cave w ith  low er pCOs, 
CO 2 degasses and  c a lc iu m  ca rbona te  p re c ip ita te s  o u t o f 
s o lu tio n . M od ified  fro m  H o lla n d  et a l., 1954.
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F igu re  2 .4 . The a m o u n t effeet o f ra in fa ll in  P anam a and  C osta 
R ica. F rom  L a eh n ie t e t a l. 2004 .
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F igu re  2 .5 . S chem atic  d ia g ram s co m p a rin g  A) n o rm a l 
c o n d itio n s  o f the  tro p ic a l Pacific  and  B) E l N ino  cond itio n s . 
M od ified  fro m  h t tp : / /w w w .c ln in o .n o a a .g o v /.
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Figure 2 .6 . The Pacific D ecadal O sc illa tio n  d u r in g  its  pos itive  and  negative phases. 
The co lo rs  rep resen t sea surface  te m p e ra tu re s  (SST), the  co n to u rs  rep resen t sea level 
pressure  (SLP), and  the  vectors rep re se n t surface w in d  s tress a n om a ly  p a tte rn s . F rom  
h t tp : / / j is a o .w a s h in g to n .e d u /p d o /
CHAPTER 3
M ETH O DS 
Sam ple C o llec tion  
S ta lagm ite  C T-7, w h ic h  is ~37em  long  a long  the  g ro w th  ax is  (F igure 
3.1), w as co llected  fro m  Terc iope lo  cave in  B a rra  H onda  N a tio n a l Park. 
The en trance  to  Terc iope lo  cave is a v e rtic a l sh a ft w ith  a -1 7  m  d ro p  onto  
an  in c lin e d  surface  th a t descends -3 9  m  be low  the  surface  to  the  back  o f 
the  cave (F igure  3.2). Sam ple CT-7 w as co llected  in  J a n u a ry  o f 2004  and 
w as rem oved fro m  a co n s tr ic te d , p o o rly  ve n tila te d  passage a p p ro x im a te ly  
-2 5  m  la te ra lly  and  -5 0  m  v e rtic a lly  fro m  the  cave en trance . W ith in  the  
cave system , no  s tream s were presen t. A t the  sam ple  lo ca tio n  in  M arch  
2005 , the  te m p e ra tu re  w as 2 6 -27 ° C and  the  re la tive  h u m id ity  w as 94- 
97% .
Sam ple P repa ra tion  
Sam ple C T-7 w as ha lved  a long  the  g ro w th  axis. The surface  was 
po lished  to  reveal an  in te r io r  o f w h ite  and  c lea r ea le ite  w ith  v is ib le  su b ­
m illim e te r  laye rs  o f ea le ite  o f v a ry in g  dens ity . T h in  sections were made
24
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sequen tia lly , fro m  the  base to  the  tip , to  analyze and  id e n tify  a ny  
possib le  h ia tuse s , in c lu s io n s , and  d e tr itu s  w ith in  th e  eale ite. B y  
il lu m in a tin g  sam p le  CT-7 w ith  u ltra v io le t lig h t, the  in te rn a l spe leo them  
s tra tig ra p h y  is d isp la yed  in  g reater de ta il, w h ic h  a llow ed fo r m ore 
accu ra te  d r il l in g  w ith in  s ing le  layers, and p rov ided  m ore  con fidence  in  
the  age ca lcu la te d  w ith  U -series d a ting .
S table Iso tope S am p ling  
C ale ite  subsam p les  were d r ille d  fro m  the  c u t and  po lished  spe leothem  
surface  a t 1m m  in te rv a ls  a long  the  g ro w th  axis to  sam ple  fo r oxygen and  
ca rbon  isotopes. U s ing  a Sherline'^'^ d r i l l  press m odel 5410 , f it te d  w ith  a 
0 .5 m m  d r i l l  b it , 374  eale ite  subsam ples o f -1 0 0  gg w ere ex trac ted  and 
analyzed fo r oxygen and  ca rbon  iso top ie  ra tio s  u s in g  a F in n ig a n  D e lta  
+X L ra tio  m ass sp ec trom ete r w ith  d u a l in le t system  coup led  to  a K ie l III 
au tom a ted  ca rbona te  p re p a ra tio n  device. T h is  w o rk  w as pe rfo rm ed  a t 
the  U n ive rs ity  o f M assa chuse tts  s tab le  isotope la b o ra to ry .
R ad iom etric  D a tin g  
S ixteen eale ite  subsam p les o f -4 0 0  m g were rem oved, a long  g ro w th  
bands, fro m  sam ple  CT-7 fo r U /T h  ana lys is  a t the  U n iv e rs ity  o f New 
M exico R adiogen ic La bo ra to ry . F o u r eale ite subsam p les  were rem oved 
a long  an  in d iv id u a l g ro w th  band , a t fo u r  d iffe re n t lo ca tio n s  th ro u g h o u t 
CT-7, to  p roduce  one w eigh ted  average age pe r g ro w th  band .
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C hem ica l separa tions  were p e rfo rm ed  to  p u r ify  and  separate u ra n iu m  
fro m  th o r iu m  acco rd ing  to  a m od ifie d  ve rs ion  o f the  p rocedures fo llow ed 
by the  isotope lab  a t the  U n iv e rs ity  o f M inn e so ta  as described  by Po lyak 
and  A sm erom  (2001). C ale ite  pow ders were tra n s fe rre d  to  pre-w e ighed 30 
m l te flon  v ia ls  a nd  rew eighed. The sam ples were covered w ith  de ion ized 
w a te r and  th e n  d isso lved in  15N H NO 3 . Once d isso lved, the  sam ples 
were sp iked  w ith  ~ lg  o f a s o lu tio n  c o n ta in in g  kn o w n  co n cen tra tio n s  and  
iso top ie  co m p os itio n  o f 236u, 233|j, and  229\j and  the n  the  s o lu tio n  was 
d rie d  on  a h o t p la te . Then , a few d ro ps  o f de ion ized w a te r and  p e rch lo ric  
acid  were added to  the  sam p les and  re -d isso lved  in  a few d rops  o f 15N 
HNO 3 and  d ried . The U a n d  T h  are eo -p re c ip ita ted  w ith  Fe by  add ing  
N H 4O H, u n t i l  Fe coagu la tes and  p re c ip ita te s . The m ix tu re  is  cen trifu ged  
and  the  su p e rn a ta n t d isca rded . The s o lu tio n  is  re -d isso lved  in  15N 
HNO 3 , tra n s fe rre d  back  to  the  c lean 30  m l Te flon  v ia l, d rie d  and  re ­
d isso lved  tw ice  in  15N H N O 3 . The sam ple  is  d isso lved aga in  in  7N HNO 3 
and  loaded on an  a n io n  exchange c o lu m n  to  separa te ly  e x tra c t p u r if ie d  U 
and  T h  fra c tio n s . F o r a m ore  de ta iled  d e sc rip tio n  o f chem ica l separa tions 
and  p rocedures, see A p p e n d ix  I.
M easurem en ts  were m ade on a M ic rom a ss  Sector 54 T h e rm a l 
Io n iza tio n  M ass S pectrom ete r (TIMS) w ith  a WARP filte r . I t  has seven 
Faraday cups  and  an  io n -c o u n tin g  D a ly  m u lt ip lie r . Sam ples were loaded 
on to  fila m e n ts  u s in g  the  g ra p h ite  sa n dw ich  m e thod  in  w h ic h  the  sam ple
25
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is  loaded o n to  th e  center o f the  f ila m e n t betw een tw o  layers  o f g ra p h ite  in  
o rd e r to  a m p lify  io n iza tio n  effic iency.
Spe leothem s can be da ted  by  the  23su- 234%j_ sso^ph d is e q u ilib r iu m  
te ch n iq u e s  (D ora le  e t a l., 2004). U ra n iu m  series d a tin g  is  based on  the  
fra c tio n a tio n  o f p a re n t U isotopes (238U, 235{j an d  234y) fro m  th e ir  long- 
live d  d a u g h te rs  23ipa and  230%. The 238%j decay series, and  the  
234u/2307d ra tio  o f a sam ple can be used to  de te rm in e  the  tim e  since 
ca rbona te  depo s itio n  in  k a rs t e n v iro n m en ts  (R ichards a nd  D ora le , 2003). 
U ra n iu m  is  so lub le  in  w a te r and  the re fo re  is  m o b ilized  in  the  m e teo ric  
e n v iro n m en t. In  typ ica l g ro un d w a te r, u ra n iu m  com b ines  w ith  w a te r to 
fo rm  the  u ra n y l io n  (UOs^^) w h ic h  is  stab le  in  ca rb on a te  com plexes 
(Gascoyne 1992b). In  co n tra s t, th o r iu m  is  in so lu b le  and  is e sse n tia lly  
le ft b e h in d , a n d  is  e ith e r p re c ip ita te d  o r adsorbed on to  d e tr ita l 
p a rtic u la te s  (R ichards and  D ora le , 2003). There fo re, d u r in g  the  
fo rm a tio n  o f secondary eale ite deposits , such  as spe leo them s, u ra n iu m  is 
co -p re e ip ita ted  w ith  the  CaCOa, w h ile  the  im m ed ia te  d a u g h te r p ro d u c ts  
(230Th) is  absen t. T h is  fo rm  o f d is e q u ilib r iu m  o c c u rr in g  in  spe leothem  
depo s itio n  is  re fe rred  to as the  d a u g h te r- de fic iency  m e th o d  (R ichards 
a n d  D ora le , 2003).
The genera l equa tions  used in  d e te rm in in g  the  age o f spe leothem s 
assum e th a t a ll 230%  p resen t w as fo rm ed in  s itu  b y  ra d io ac tive  decay o f 
th e  co -p ree ip ita ted  U. For p u re  a u th ig e n ie  ca le ite  o r a ragon ite , the  
th o r iu m  co n te n t a t the  tim e  o f fo rm a tio n  can  be neg lig ib le , a lth o u g h .
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a llo ch th o n o u s  m a te r ia l, su ch  as d e tr ita l c lays w ith  a s ig n ific a n t a m o u n t 
o f T h  can  becom e cem ented o r occ luded  w ith in  the  speleothem s. In it ia l 
23oq'h can  a lso be in co rp o ra te d  in to  the  speleothem s by  be ing  tra n sp o rte d  
in  the  co llo id a l phase, a ttache d  to  o rgan ic  m olecu les, o r as ca rbona te  
com plexes in  s o lu t io n  (R ichards and  D ora le , 2003).
The iso ch ro n  m ethodo logy  a llow s one to  separa te ly d is t in g u is h  
between the  a m o u n t o f in g ro w n  rad iogen ic  d a u g h te r and  its  in it ia l 
abundance . To d e te rm ine  and  accom m odate  fo r in it ia l fo u r
separate isoeh rons  were crea ted  by  d a tin g  3 to  5 subsam p les a long  the 
same g ro w th  laye r to  de te rm in e  the  in it ia l 23(yph/232'ph a c tiv ity  ra tio . B y 
com p arin g  234u/232% and  23o% /232%  d a ta  fo r age e q u iva le n t ca rbona te , 
the  in it ia l 23 0 7^ / 232%  can be es tim a ted  fro m  the  in te rc e p t o f th is  s tra ig h t 
line  re la tio n s h ip  (R icha rds and  D ora le , 2003). In  spe leothem s w ith  clean 
ca le ite  w here  232%  c o n ta m in a tio n  is  m in im a l, the  e ffect o f u s in g  the 
in co rre c t 2 3 0 7^ / 232%  in it ia l  ra tio  w il l  be neg lig ib le  (R ichards and  D ora le , 
2003). U -series da tes are p resen ted  w ith  a 2a e rro r based on an  in it ia l 
230Th/232Tb ra tio  o f the  g loba l va lue , 4 .4  x 10'^,w ith  an  u n c e rta in ty  o f ± 
50 % app lied .
G raysca le  A n a lvs is
A n u ltra v io le t lum inescence  record  fo r CT-7 w as o b ta ined  by ta k in g  
h ig h  re s o lu tio n  d ig ita l im ages fro m  the  base to  the  t ip  a n d  sp lic in g  th e m  
toge the r to  p roduce  one h ig h  re so lu tio n  d ig ita l image. The im age was
28
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converted  fro m  b lue -sca le  to  grayscale w ith  Adobe Photoshop. No 
a d ju s tm e n ts  fo r eo lo r co n tra s t, re so lu tio n , o r f i lte r in g  were done to  the  
image. U s ing  S cion, a N a tiona l In s t itu te  o f H ea lth  grayscale  im age 
p rocess ing  p rog ram , a m u lt i- l in e  tra n se c t p a ra lle lin g  the  g ro w th  ax is  was 
analyzed fo r grayscale  va lues th ro u g h o u t the  e n tire  le n g th  o f the  sam ple. 
V a lues range fro m  0 to  255, w ith  low er va lues in d ic a tin g  lig h te r layers, 
and  h ig h e r va lues in d ic a tin g  d a rk e r layers.
S ta tis tic a l A na lyses
S ta tis tic a l analyses o f pa leoe lim ate  tim e  series p rov ides a syn thes is  o f 
p ro xy  d a ta  th a t enhances the  u n d e rs ta n d in g  o f tre n d s  in  the  da ta  set. 
The p ro xy  da ta  is  analyzed w ith  m a th e m a tica l te ch n iq u e s  th a t a llo w  us 
to  in te rp re t the  d a ta  in  te rm s  o f the  u n d e r ly in g  geolog ica l m echan ism s 
an d  processes.
S pectra l a n a lys is  decom poses the  o r ig in a l da ta  se t in to  u n d e r ly in g  
s ine  and  cosine fu n c tio n s  o f p a r t ic u la r  w ave leng ths  to  d e te rm ine  the  
s tre n g th  (power) o f a given s igna l and  h e lps  e lu c id a te  the  p h ys ica l 
processes w h ic h  generate v a r ia b ility  w ith in  the  tim e  series (S chu lz  and 
M udelsee, 2002).
S pectra l a n a lys is  u s in g  the  Lom b-S carg le  F o u r ie r  tra n s fo rm  w as 
pe rfo rm ed  on a ll th ree  da ta  sets: oxygen a n d  ca rb o n  isotopes, and 
grayscale  va lues  u s in g  the  R ED FIT  p ro g ra m  (S chu lz  a n d  M udelsee, 
2002). R ED FIT  is  u se fu l because i t  a llow s spec tra l a n a lys is  fro m
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un eve n ly  spaced tim e  series w ith o u t re q u ir in g  in te rp o la tio n  (S chu lz  and  
M udelsee, 2002).
W avele t a n a lys is  w as pe rfo rm ed  on  the  de trended and  no rm a lized  
tim e  series, w h ic h  takes bas ic  spec tra l ana lys is  a step fu r th e r  by  
loca liz in g  v a r ia tio n s  o f pow er w ith in  a tim e  series (Torrence and  Com po, 
1998). The w ave le t tra n s fo rm  decom poses a tim e  series in to  tim e - 
frequeney space, w h ic h  he lps  de te rm ine  b o th  the d o m in a n t m odes o f 
v a r ia b ility  and  how  those m odes va ry  w ith  tim e  (Torrence and  Com po, 
1998). The advantage o f w ave le t a n a lys is  over a F o u rie r tra n s fo rm  is 
th a t i t  a llow s tim e  lo ca liza tio n  o f s ta tis t ic a lly  s ig n ific a n t va riance  w ith in  a 
tim e  series.
30
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0 1 2  3
F igu re  3 .1 . P ho tog raph  o f s ta lagm ite  sam ple  CT-7. M a jo r t ic k  
m a rk s  on  sam ple are in  cen tim e te rs .
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F igure  3.2. Schem atic  d ia g ra m  o f cave Terciope lo  in  p la n  v iew  and  in  cross-section . Red s ta r 
ind ica tes  sam ple C T-7 loca tio n . M od ified  from  the  N a tio n a l Speleo log ica l Society C osta  R ica 
Project, 1982.
CHAPTER 4
RESULTS AND INTERPRETATIONS 
Cave E n v iro n m e n t 
The cave fro m  w h ic h  spe leo them  sam ple  CT-7 was rem oved is 
re la tive ly  sha llow  (<50 m) be low  the  surface . R a inw a te r in f i l t ra t in g  
th ro u g h  the  so il zone and  lim es tone  bed ro ck  lik e ly  flow s in to  the  cave 
w ith in  the  same ye a r th a t  i t  fe ll. Sam ple co lle c tio n  occu rred  in  M arch  
2005  d u r in g  the  d iy  season in  n o r th e rn  C osta  R ica. A ctive  d r ip p in g  was 
o c c u rr in g  v e iy  s low ly  d u r in g  the  d ry  season in  M a rch  2005 , suggesting 
th a t ra in fa ll d u r in g  the  w e t season en te rs  the  cave system  before the  end 
o f the  d ry  season. S ince g ro u n d w a te r ty p ic a lly  represen ts  the  average 
iso top ic  com p os itio n  o f ra in fa ll (D arling , 2004), th is  s h o rt residence tim e  
a llow s the  c lim a tic  v a r ia b ility  to  be recorded in  the  s ta lagm ite  
caleite.
T h in  S ection  Q u a lita tiv e  A na lvs is  
S peleothem  sam ple CT-7 co n ta in s  c o lu m n a r ca le ite  c rys ta ls  w ith  
ir re g u la r  and  in te r lo c k in g  c ry s ta l b o unda ries . Secondary a lte ra tio n , such  
as co rros io n a l fea tu res were n o t found . L a m in a tio n s  are p re sen t
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th ro u g h o u t CT-7, b u t  va ry  in  th ic kn e ss  and  c o n tin u ity . W h ite , re la tive ly  
po rous  lam inae  a lte rn a te  w ith  s lig h tly  d a rke r, m ore  dense lam inae  
th ro u g h o u t the  sam ple. D e tr ita l m a te ria l, such  as s i lt  p a rtic le s , was n o t 
observed in  th in  section , in d ic a tin g  v e iy  c lean  ca le ite . U nd e r 
m a g n ifica tio n  w ith  cross-po la rized  lig h t, c rys ta l g ro w th  tra n se c ts  lam inae  
th ro u g h o u t the  e n tire  len g th  o f the  sam ple, suggesting  c o n tin u o u s  
g ro w th  w ith  no a p p a re n t h ia tuses .
G eochrono logv
The U /T h  che m ica l analyses o f fo u r, th ree - an d  fiv e -p o in t isoehrons 
p roduced  w eigh ted  average dates o f 8017+ 330 y rs  B.P. n ear the  base, 
and  a da te  o f 6639±  250  y rs  B.P. n e a r the  t ip  (Table 1). A ll da tes are in  
co rrec t s tra tig ra p h ie  o rder, w h ic h  suggests c o n tin u o u s  g ro w th  
th ro u g h o u t. The fin a l w e igh ted  ages were ca lcu la te d  u s in g  an  Excel ad d ­
in  ISOPLOT (Ludw ig , 2003) and  the  associa ted e rro rs  are 8017  ± 330 fo r 
ISO -1, 7274  ± 290  fo r IS O -2, 6929± 310  fo r IS O -3, an d  6639  ± 250  fo r 
ISO -4. Ages were assigned to  s tab le  isotope subsam p les  acco rd ing  to  a 
lin e a r best f i t  age m odel (F igure 4.1) betw een -7 8 9 0  to  64 9 0  y rs  B.P 
u s in g  the  eq ua tion :
Age = -3 .7 9 2 3 4  x (d is tance fro m  base in  m m ) + 7898 .32  
The iso ch ro n  m e thodo logy  w as a tte m p te d  to  de te rm in e  and  co rrec t fo r 
in i t ia l  23oyh co n ta m in a tio n . In it ia l 230x ^ / 2 3 2 7^  ra tio s  w ere de te rm ined  fo r 
each isoch ro n : IS O -1, 1 .18x 10'^ ± 9.7x10-5 (near base); IS O -2, 1 .0 4 x l0 "5 ±
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1.1x10-5; IS O -3, -1 .4 2 x l0 -5 ±  2.9x10-5; and  ISO -4, -3 .7 1 x l0 -6 ±  5.7x10-5 
(near t ip ) . D ue to  the  low  ^soxh co n ce n tra tio n  and re la tive ly  clean 
sam ples w ith  low  d e tr itu s  in  th in  sections and  U -series leachates, the  
iso ch ro n  m e thod  proved u n succe ss fu l. A lth o u g h  the re  are fo u r  o r five 
subsam ples w ith in  each isoch ro n , the  e rro rs  associated w ith  the  
23(yph/232Xh and  234xh/232xh ra tio s  fo r each subsam p le  are too large to  
c o n s tra in  the  in it ia l va lue  w ith  p rec is ion . D ue to the  ve ry c lean  ca lc ite , 
the  230Xh/232Xh and  230Xh/234Xh ra tio s  fo r  each subsam ple  d id  n o t 
prov ide  enough  spread in  the  da ta . “ D ir t ie r ” ca lc ite  w ith  m ore  232xh 
a n d /o r  o ld e r sam ples w ith  m ore  230 7^  w o u ld  have p rov ided  a la rge r 
spread w ith in  the  da ta , w h ic h  w o u ld  c o n s tra in  the  in i t ia l  23 0 7^ / 232 7^  
ra tio s  be tte r. The negative  in it ia l 2 3 0 7^ / 2 3 2 7^  ra tio s  fo r ISO -3 and  ISO -4 
are im p la u s ib le ; the re fo re , by  o m itt in g  the  negative 23 0 7^^/2 3 2 7^  ra tio s , 
the  average 22 0 7^ / 2 3 2 7 ]^ in i t ia l  va lue  o f ISO-1 and ISO -2 is  5.79x10-5.
D esp ite  a w ide  range o f in it ia l 23 0 7^ / 232 7 ]^ va lues fo r a ll fo u r  CT-7 
isoehrons, the  “ g loba l” in i t ia l  va lue  o f 4 .4 x 1 0 -6  w as used to  co rre c t th e ir  
ages fo r d e tr ita l th o r iu m , as i t  fa lls  w ith in  the  e rro rs  o f ISO -1 and  ISO -2. 
A g loba l va lue  fo r in it ia l 2 3 0 7 ]^ /232 7^  is  the  bes t choice, desp ite  the  fa iled  
a tte m p ts  o f the  iso ch ro n  m e thod . A s e n s it iv ity  ana lys is  w as pe rfo rm ed  
u s in g  a 2 3 0 7^ / 2 3 2 7 ]^ va lue  o f 1.0x10-5, to  de te rm ine  th e  e ffect o f u s in g  a 
h ig h e r va lue . A lth o u g h  the  age m odel is  s ig n ific a n tly  sh ifte d  u p  to  700 
years in  some places, in  absence o f da ta  to  the  co n tra ry , we use the  
g loba l in i t ia l  va lue . G iven c o n tin u o u s  g ro w th , CT-7 grew  a t an  average
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ra te  o f 0 .2 6  m m  pe r year, over ~ 1400 y rs  between the  in te rv a l 7890  and 
64 90  y rs  B.P.
S table Isotopes
CT-7 w as sam pled fo r stab le  iso topes a t 1m m  in te rva ls , there fo re  
re p re se n tin g  - 3 . 7 9  years o f g ro w th  betw een each sam ple. S table isotope 
a n a lys is  o f CT-7 ca lc ite  y ie lded 3 7 2  va lues, e xc lu d in g  2  o u tlie rs , 
ra n g in g  fro m  - 1 1 . 8 % o  to  - 6 . 4 % o  re la tive  to  VPDB. The va lues show  
a sm a ll lin e a r tre n d , and  osc illa te  a b o u t a m ean o f -  - 8 . 5 % o  (F igure 4 . 2 ) .  
G rea test v a r ia b ility  occu rs  betw een 7 2 0 0  and  6 8 0 0  y rs  B.P. w ith  a h ig h  
6 ^ 5 0  a n om a ly  a t - 7 0 0 0  y rs  B.P. In  genera l, the  Ô^SQ va lues rise s lig h tly  
fro m  - 8 . 5 % o  a t - 7 8 9 0  y rs  B.P. to  - 7 . 3  a t - 7 5 4 0  y rs  B .P., th e n  decline  to  - 
9 . 1 % o  a t - 7 3 4 0  y rs  B.P. The va lues  th e n  rise  s h a rp ly  to  - 7 . 4 % o  a t 
- 7 1 7 0  y rs  B.P. and  th e n  steep ly dec line  to  - 9 . 0 % o  a t - 7 1 2 0  y rs  B.P. The 
Ô15Q va lues  rise  aga in  to the  m o s t s ig n ific a n t peak o f - 6 . 7 % o  a t - 7 0 5 0  
y rs  B.P., q u ic k ly  dec line  to  - 8 . 9 % o  a t - 6 9 2 0  y rs  B.P., s lig h tly  rise  to  - 
7 . 4 %  a t - 6 8 5 0  y rs  B.P., s ig n ific a n tly  dec line  to  - 9 . 8 % o  a t - 6 6 1 0  y rs  B.P. 
and  rise  to  - 7 . 2 % o  a t - 6 4 9 0  y rs  B.P. a t the  end o f the  tim e  series.
S ince tro p ic a l ra in fa ll va lues are d om in a ted  b y  the  a m o u n t effect 
(D ansgaard, 1964), I in te rp re t the  va lues in  s ta lagm ite  CT-7 as a 
p a le o -ra in fa ll reco rd , w ith  h ig h e r va lues in d ic a tin g  d r ie r  co n d itio n s  
a n d  low er va lues as w e tte r co n d itio n s . The m o s t s ig n ific a n t peak
3 6
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
occu rs  a t -7 0 0 0  y rs  B.P., w h ich  is  in te rp re te d  as the  m o s t p ro m in e n t d ry  
pe riod  o f the  record .
The Ô13C tim e  series fro m  s ta lagm ite  CT-7 shows va lues ra n g in g  fro m  
- 1 1 . 9 % o  to  - 6 . 8 % o  re la tive  to  VBD P (F igure 4.3). There is a large Ô^^C 
decrease o f - 5 % o  o c c u rrin g  a t - 7 0 0 0  y rs  B.P. The tim e  series shows 
m u ch  m ore  v a r ia b ility  th a n  the  ô i^O  tim e  series. In  genera l, the  
va lues increase  g ra d u a lly  fro m  - 1 1 . 2 % o  a t - 7 8 8 0  y rs  B.P. to  - 6 . 9 % o  a t 
7 0 0 0  y rs  B .P ., w ith  m a n y  o sc illa tio n s  fro m  h ig h e r to  low e r Ô^^C va lues 
o c c u rr in g  th ro u g h o u t th is  tim e  period . A fte r the  m o s t s ig n ific a n t peak a t 
7 0 0 0  y rs  B.P ., the re  is  a d ra m a tic  decrease in  va lues  to  - 1 1 . 6 % o  a t 
- 6 9 4 0  y rs  B.P. The ô^^C va lues th e n  increase g ra d u a lly  to  - 7 . 3 % o  a t 
- 6 6 8 0  y rs  B.P ., decrease ra p id ly  to  - 1 1 . 7 % o  a t - 6 6 1 0  y rs  B.P. and  rise  
aga in  to  - 6 . 8 % o  a t - 6 4 9 0  y rs  B.P.
A lth o u g h  the  va r ia tio n s  are co m m on ly  in te rp re te d  to  be 
in d ic a to rs  o f vege ta tion  type  ove rly ing  the  cave (Dorale e t a l., 1998), I 
in te rp re t the  ô^^c v a ria tio n s  in  s ta lagm ite  CT-7 are due to  changes in  the  
a m o u n t o f so il m o is tu re  ava ilab le  fo r b io log ica l re sp ira tio n . A ll the  Ô^^C 
va lues are w ith in  the  range o f C3 type vegeta tion  suggesting  d ry  tro p ic a l 
fo res t w as lik e ly  p re sen t over the  cave d u r in g  the  e a rly  to  m id-H o locene . 
The v a r ia b ility  in  the  Ô^^C tim e  series m ay be in te rp re te d  due to  so il 
m o is tu re  v a r ia b ility . The Ô^^C record  (figure 4.3) shows a b road  
in c re a s ing  tre n d  w ith  a m a x im u m  Ô^^C va lue  -7 0 0 0  y rs  B.P., w h ic h  m ay 
re flec t a  genera l d ry in g  tre n d  re s u lt in g  in  a decrease in  so il m o is tu re
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ava ilab le  fo r b io log ica l re sp ira tio n . A t -7 0 0 0  y rs  B .P ., the re  is a d ra m a tic  
peak in  the  va lues, w h ic h  m ay re fle c t a decrease in  b io log ica l 
re sp ira tio n  and  a decrease in  the  p ro d u c tio n  o f so il b iogen ic CO 2 , 
re s u lt in g  fro m  iso to p ica lly  heav ie r va lues. I assum ed no p r io r  
p re c ip ita tio n  o f ca lc ite , w h ic h  w o u ld  p roduce  an  increase in  the 
values. There fore  in  o rd e r to  p roduce  a decrease in  b io log ica l re sp ira tio n , 
a s h ift in  c lim a te  to  d r ie r  co n d itio n s  m u s t occu r. D r ie r  co n d itio n s  w ou ld  
p roduce less w a te r in f i l t ra t in g  in to  the  so il zone and  l im it  b io log ica l 
re sp ira tio n  w h ic h  decreases so il pCOa. H ig h e r va lues there fore  
re s u lt fro m  less b io log ica l re s p ira tio n  w ith in  the  so il zone, and a decrease 
in  the p ro p o rtio n  o f so il CO 2 to  the  c o n tr ib u tin g  d r ip  w a te rs , w h ich  
shou ld  p roduce  a co rre la tio n .
G ravsca le  A n a lvs is  
G rayscale ana lys is  y ie lded  19,651 grayscale  va lues ra n g in g  fro m  105 
to  227, w ith  a va lue  o f 0 re p re se n tin g  w h ite , and  a va lue  o f 255 
rep resen ting  b la ck . W ith  the  use o f the  N IH  grayscale  p rog ram  SCION, 
ve ry h ig h  re s o lu tio n  sa m p lin g  w as poss ib le  a t less th a n  1 year re so lu tio n . 
The grayscale va lues  show  a g ra d u a l decrease fro m  227 a t -7 9 0 0  y rs  
B.P. to 110 a t -7 2 3 0  y rs  B .P  (F igure  4.4). There is a sha rp  increase in  
va lues to  198 a t 70 60  y rs  B .P., w h ic h  rep resen ts  one o f the  m os t 
s ig n ific a n t peaks in  the  tim e  series. There  is  a sh a rp  dec line  to  a
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grayscale  va lue  o f 109 a t -6 9 2 0  y rs  B.P. and th e n  a g ra d u a l increase  in  
va lues u n t i l  218  a t -6 4 8 0  y rs  B.P
Speleothem s co m m on ly  c o n ta in  a n n u a l coup le ts  o f w h ite  p o rous  
ca lc ite , and  d a rk  co m p ac t ca lc ite , re s u lt in g  fro m  seasonal v a r ia tio n s  in  
s u p e rs a tu ra tio n  and  ra te  o f d rip w a te rs  (G enty and Q u in if, 1996; G en ty  e t 
a l., 1997). A lth o u g h  sam ple  CT-7 does n o t appear to  c o n ta in  a n n u a l 
b a n d in g  in  w h ic h  to  observe seasonal f lu c tu a tio n s , I in te rp re t the  d a rk  
dense bands re p re se n t d ry  co n d itio n s , w h ile  the  w h ite  po rous  bands  are 
in d ica tive  o f increased  p re c ip ita tio n  events (Figure 4.4). D u rin g  pe riods o f 
increased  p re c ip ita tio n , m ore  w a te r is  able to in f ilt ra te  th ro u g h  the  so il 
zone, re s u lt in g  in  fa s te r d r ip  ra te  in to  the  cave system , p ro d u c in g  fas te r 
g row ing  spe leothem s w ith  lig h te r and  m ore po rous  bands. D u r in g  d ry  
co n d itio n s , less in f i l t ra t io n  occurs, p ro d u c in g  s low er d r ip  ra tes  in to  the  
cave lead ing  to  d a rk e r and  denser bands.
F o u rie r Ana lyses 
S pectra l a n a lys is  based on the  Lom b-S carg le  F o u rie r tra n s fo rm , 
w h ic h  uses a p ro g ra m  (REDFIT) (S chu lz and  M udelsee, 2002), a llow ed fo r 
d ire c t p rocess ing  o f an  u n eve n ly  spaced tim e  series w ith o u t the  
re q u ire m e n t o f in te rp o la tio n  betw een d a ta  p o in ts . A n a lys is  on  the  oxygen 
iso tope  tim e  series suggests s ta tis t ic a lly  s ig n ific a n t va ria nce  a t the  99%  
con fidence  in te rv a l to  o ccu r a t 191 years (F igure 4.5). A t th e  95%  
con fidence  in te rv a l, s ta tis t ic a lly  s ign ificance  va riance  is  o c c u rr in g  a t 15,
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12, and 10 years. A t the  90%  con fidence  in te rva l, s ta tis t ic a lly  s ig n ific a n t 
va riance  is  o c c u rr in g  a t 15 and  13 years. A t the  85%  confidence in te rva l, 
s ta tis t ic a lly  s ig n ific a n t va riance  is  o c c u rrin g  a t 25, 20, and  8 years.
The Lom b-S carg le  F o u rie r tra n s fo rm  m e tho d  on the  ca rbon  isotope 
tim e  series suggests no s ta t is t ic a lly  s ig n ific a n t va riance  o ccu rrin g  a t the  
99%  confidence in te rva l. A t the  95%  con fidence  in te rva l, the re  is 
s ta tis tic a l pow er o c c u rr in g  a t 25 a n d  16 years (F igure 4.6). A t the  90%  
confidence in te rva l, s ta t is t ic a lly  s ig n ific a n t va riance  is o c c u rr in g  a t 11 
years. A t the  85%  con fidence  in te rv a l, s ta tis t ic a l pow er is  o c c u rr in g  a t 
14, 9, and  8 years.
A n a lys is  on the  grayscale  tim e  series suggests s ta tis tic a lly  s ig n ific a n t 
va riance  a t the  99%  con fidence  in te rv a l o c c u rr in g  a t 13, 12, 5, 4, 3, and 
2 years (F igure 4.7). A t the  95%  con fidence  in te rva l, s ta tis tic a l pow er is 
o c c u rrin g  a t 19, 5 and  3 years. A t the  90%  confidence in te rva l, the re  is 
s ta tis tic a l pow er a t 9 and  6 years. A t the  85%  confidence in te rva l, 
s ta tis t ic a lly  s ign ificance  va rian ce  o c c u rr in g  a t 15 and  7 years, w ith  m an y  
peaks o f s ta tis t ic a l pow er ra n g in g  fro m  6 -2  y e a rs .
A n o th e r fo rm  o f spec tra l ana lyses, ca lled  w ave le t ana lys is , w as also 
pe rfo rm ed  on the  tim e  series. Oxygen isotope tim e  series a t the  2 -8  year 
tim e  scale suggest s ta tis t ic a lly  s ig n if ic a n t va riance  o c c u rr in g  a t -6 8 0 0  
and  -7 5 0 0  years B.P (F igure  4.8). O n the  10-20 year tim e  scale, 
s ta tis t ic a lly  s ig n ific a n t va riance  is  o c c u rrin g  a t -6 8 0 0  years B.P. No
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s ta tis t ic a lly  s ig n ific a n t va riance  a t the  95%  con fidence  in te rv a l was 
p re sen t a t the  20 -30 , 30 -50 , 50 -70 , o r 7 0 -100  tim e  periods.
W avele t ana lys is  w as a lso pe rfo rm ed  on the  ca rbon  iso tope tim e  series 
a n d  suggests s ta tis tic a lly  s ig n ific a n t va riance  o c c u rr in g  a t the  10-20 year 
tim e  scale a t -6 5 0 0 , 6700 , 6800 , 7200 , and  7300  yea rs  B .P (F igure 4.9). 
A t the  2 0 -3 0  year tim e  scale, s ta tis t ic a lly  s ig n ific a n t va ria nce  is o ccu rrin g  
a t -6 7 0 0  years B.P. O n the  30 -50  yea r tim e  scale, s ig n if ic a n t va riance  is 
o c c u rr in g  a t -6 6 0 0  years B.P. There is  no s ig n if ic a n t va riance  o c c u rr in g  
on the  2 -8 , 30 -50 , 5 0 -70 , and  70 -100  tim e  scales.
W avele t ana lys is  suggests th a t the  grayscale  tim e  series p roduces 
s ta t is t ic a lly  s ig n ific a n t va riance  th ro u g h o u t th e  g ro w th  pe riod  o f 
s ta lagm ite  CT-7 a t a ll t im e  periods (2-8, 10-20 , 2 0 -3 0 , 3 0 -50 , 50 -70 , and  
70-100) (F igure 4.10).
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(mm) U(ppm) ±20 Th(ppm) ±20 ±20
“ *Th/*“ U
(Activity) ±20 8™U, ±20
Corrected 
Age (B.P.) ±20
CT-7 1A 11 0.09 5.06E-04 5.03E-04 1.27E-05 206.70 5.36 6.03E-03 0.0002 -6.49 11.27 8223 658
CT-71B 11 0.06 3.13E-04 4.00E-04 1.22E-05 183.39 5.66 6.56E-03 0.0002 -11.47 7.14 7949 459
CT-7 1C 11 0.08 4.58E-04 3.80E-04 1.65E-05 235.29 10.31 5.20E-03 0.0002 11.94 8.52 7945 676
ISO-1 (weighted average) 8019 340
CT-7 2A 110 0.08 3.74E-04 1.56E-03 1.45E-05 59.05 0.62 2.05E-02 0.0002 22.27 8.64 7347 598
CT-7 2B 110 0.06 2.87E-04 8.76E-04 2.04E-05 84.23 1.99 1.40E-02 0.0003 -1.64 11.96 7479 728
CT-7 2C 110 0.09 2.96E-04 8.55E-04 1.40E-05 108.57 1.82 1.03E-02 0.0002 8.56 6.96 7098 504
CT-7 2D 110 0.08 2.87E-04 1.43E-03 1.85E-05 64.13 0.86 1.92E-02 0.0003 -0.65 7.97 7699 609
CT-7 2E 110 0.09 2.71 E-04 1.91 E-03 1.52E-05 43.48 0.37 2.23E-02 0.0002 -2.59 3.63 5826 1178
ISO-2 (weighted average) 7244 340
CT-7 3A 245 0.09 4.22E-04 5.53E-04 1.37E-05 172.42 4.36 6.57E-03 0.0002 8.74 7.55 7313 552
CT-7 3B 245 0.08 3.66E-04 9.02E-04 1.15E-05 98.81 1.33 1.1 IE-02 0.0001 39.18 8.53 6693 599
CT-7 3C 245 0.08 6.66E-04 6.20E-04 1.78E-05 136.43 4.07 7.68E-03 0.0002 -3.47 16.77 6783 493
iSO-3 (weighted average) 6939 330
CT-7 4A 355 0.08 3.39E-04 1.26E-03 1.16E-05 68.20 0.69 1.58E-02 0.0002 -0.98 7.31 6755 500
CT-7 4B 355 0.09 3.13E-04 2.12E-03 1.27E-05 42.29 0.30 2.50E-02 0.0002 6.78 5.70 6287 421
CT-7 4C 355 0.09 2.96E-04 1.41 E-03 1.07E-05 69.54 0.58 1.66E-02 0.0001 2.90 5.61 7226 609
CT-7 4D 355 0.09 5.36E-04 1.12E-03 2.1 IE-05 79.71 1.58 1.33E-02 0.0003 -4.85 8.61 6703 754
CT-7 4E 355 0.09 5.59E-04 1.14E-03 1.22E-05 74.89 0.94 1.38E-02 0.0002 -0.78 14.68 6512 853




C/) Table 1. U ra n iu m / th o r iu m  ra d io m e tr ic  iso to p ic  d a ta  and  ages fo r sam ple CT-7. Iso ch ro n s  are 
abbrev ia ted  as ISO and  rep resen t the  w e igh ted  average o f 3 -5  subsam ples a long the  same 











1000 200 300 400
D is tance  fro m  base (mm)
F igu re  4 .1 . C hrono logy  o f CT-7 ve rsus  d is tance  fro m  the  base 
in  m m . Ages are based on  U /T h  da ting . E ach d a ta  p o in t 
re p resen t th e  w eigh ted  average o f 3 -5  subsam p les  a long  the  
same g ro w th  layer. The associa ted  e rro rs  w ith  each d a ta  p o in t 
is  rep resen ted  b y  e rro r bars. A lin e a r tre n d lin e  w as f i t  to the  
da ta .
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W e tte r
6400 6800 7200 7600 8000
Age (yrs B.P.)
F igu re  4 .2 . tim e  series w ith  va lues  ra n g in g  fro m  —6.5  to 
-10%o. The g ray lin e  rep resen ts  the  ra w  d a ta  and  the  bo ld  
b la c k  lin e  rep re se n ts  the  7 -p t ru n n in g  average. A s ig n ific a n t 
peak  o ccu rs  a t -7 0 0 0  years B.P. V a lues  va ry  a b o u t a 
c o n s is te n t m ean o f —8.5%o.
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6400 6800 7200 7600 8000
Age (yrs B.P.)
F igu re  4 .3 . tim e  series w ith  va lues  ra n g in g  fro m  —7 to  -
1 2 % o  w ith  the  m o s t s ig n if ic a n t peak o c c u rin g  a t - 7 0 0 0  years 
B.P. The g ray lin e  rep resen ts  the  ra w  d a ta  and  th e  bo ld  b la ck  
lin e  rep resen ts  the  7 -p t ru n n in g  average.
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6400 6800 7200 
Age (yrs B.P.)
7600 8000
F igu re  4 .4 . G raysca le  tim e  series w ith  va lues ra n g in g  from  
-1 0 0 -2 2 0 . The g ray lin e  rep resen ts  the  ra w  d a ta  and  the  bo ld  
b la c k  lin e  rep resen ts  the  2 1 5 -p t ru n n in g  average. G rayscale 
va lues  are a re s u lt o f d ig ita l im age p rocess ing , in  w h ic h  sam ple 
C T-7 w as illu m in a te d  w ith  U V  lig h t a n d  th e n  converted  in to  a 
grayscale  record . A  va lue  o f zero rep resen ts  w h ite  and  a va lue  
o f 255  rep resen ts  b lack .
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F igu re  4 .5 . S pec tra l a n a lys is  o f th e  tim e  series 
i l lu s tra t in g  th e  99 , 95 , 90 , a n d  85%  con fidence  in te rv a ls  (from  
to p  to  b o tto m ). The n u m b e rs  above the  peaks re p re se n t th e  
years o f s ta t is t ic a l s ign ificance .
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F igu re  4 .6 . S pectra l a n a lys is  o f the  series i l lu s tra t in g  the  99, 
95 , 90 , and  85%  con fidence  in te rva ls  (from  top  to  bo ttom ). The 
n u m b e rs  above the  peaks rep resen t the  years o f s ta tis t ic a l 
s ign ificance .
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F igu re  4 .7 . S pectra l a na lys is  o f the  grayscale tim e  series 
i l lu s tra t in g  the  99 , 95 , 90 , and  85%  confidence in te rv a ls  (from  
top  to  b o tto m ). The n u m b e rs  above the  peaks rep re se n t the  
years o f s ta tis t ic a l s ign ificance .
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CT-7 5**0 Wavelet Power Spectrum
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F igu re  4 .8 . W ave le t a n a lys is  on  tim e  series. A) 
D e tre nd e d  n o rm a liz e d  d a ta  in  s ta n d a rd  d e v ia tio n  u n its . B) 
W ave le t p o w e r s p e c tru m  fo r  3 .8  ye a r sam p led  va lues. 
W h ite  c o n to u rs  re p re se n t 95%  con fidence  in te rv a l.
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CT-7 ô'^C values between 6490 and 7890
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F ig u re  4 .9 . W ave le t a n a ly s is  on  t im e  series. A) 
D e tre n d e d  n o rm a liz e d  d a ta  in  s ta n d a rd  d e v ia tio n  u n its .  B) 
W a ve le t p o w e r s p e c tru m  fo r  3 .8  ye a r sa m p led  va lu e s . 
W h ite  c o n to u rs  in d ic a te  th e  95%  co n fidence  in te rv a l.
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CT-7 Grayscale values between 6490 and 7890 yrs B.P.
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F igure  4 .10 . W ave le t a n a lys is  on  grayscale  tim e  series. A) 
D etrended  norm alized  d ata  in  stan d ard  deviation  u n its . B) W avelet 
pow er sp e c tru m  fo r  1 ye a r sam p led  grayscale va lues. W h ite  
c o n to u rs  in d ica te  th e  95%  con fidence  in te rva l. C) 2 -8  y r  scale 
average tim e  series. D o tted  lin e  rep resen ts  the  95%  confidence 
in te rva l. D a ta  above th e  dashed lin e  in d ica te s  s ta tis t ic a lly  
s ig n ific a n t va riance .
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CHAPTER 5
DISCUSSION 
ENSO and the  FOG 
The Ô18Q va lues ob ta ine d  fro m  CT-7 are in te rp re te d  as a ra in fa ll p roxy  
and  are used  to  eva lua te  i f  E l N ino  becam e m ore  active  s ince  ~7ka 
(Rodbell e t a l., 1999; M oy e t a l., 2002 ; Sandw eiss e t a l., 2001). The 
va lues show  ra in fa ll va ried  a b o u t a co n s is te n t m ean w ith  no  large 
iso top ic  s h ifts  in  va lues (F igure 5.1 A). T h is  suggests the re  w as no 
s ig n ific a n t ra in fa ll reg im e s h if t  th ro u g h o u t the  g ro w th  o f s ta lagm ite  CT-7. 
A c lim a tic  reg im e s h if t  is  de fined  as a tra n s it io n  fro m  one c lim a tic  sta te  
to  a n o th e r, w ith in  a pe riod  s u b s ta n tia lly  s h o rte r th a n  the  le n g th s  o f each 
c lim a tic  s ta te  (M inobe, 1997). A m a jo r reg im e s h if t  w o u ld  have a 
no ticeab le  s h if t  in  the  va lues a n d /o r  a s h if t  in  v a r ia b ility , fro m  low  
to h ig h  frequ ency  v a r ia b ility  (or vice versa), a fte r 7000  y rs  B.P., b u t no 
such  s h if t  is  ev ident.
To eva lua te  the  re la tio n s h ip  betw een ra in fa ll va lues  and  ENSO 
events, the  5^®0 tim e  series w as com pared  w ith  an E l N ino  p ro xy  record  
sp a n n in g  15 ka  fro m  Laguna  Pallcacocha, E cu a d o r (F igure  5.1 D) 
(R odbell e t a l., 1999; M oy e t a l., 2002). In  th e  Laguna  P a llacocha  record .
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the  depos ition  o f c la s tic  lam inae  were suggested to  be a d ire c t response 
to  slope eros ion  associated w ith  heavy E l N ino  ra in fa ll events (Rodbell e t 
a l., 1999). The Pacific  coast o f S ou th  A m erica  experiences an om a lous  w et 
co n d itio n s  d u r in g  E l N ino  years due  to  the  so u th e rn  p o s itio n  o f th e  ITCZ. 
A fte r 7000  y rs  B .P ., the  Laguna  Pa llcacocha record  shows an increase in  
c las tic  lam inae  deposits , and  an  increase in  EN S O -band variance , b u t 
the  CT-7 va lues  do n o t show  an  increase in  v a r ia b ility  a fte r 
7000  y rs  B.P. A poss ib le  e xp la n a tio n  fo r  the  la c k  o f co rre la tio n  betw een 
the  tw o records cou ld  be th a t the  w e t season m ay have become sh o rte r 
due to  the  so u th w a rd  m ig ra tio n  o f the  ITCZ, b u t the  in te n s ity  o f ra in fa ll 
and  th u s  the  va lues rem a ined  the  same. A lth o u g h  1 observe a d^^O 
peak a t 7. ka , re p re se n tin g  the  m o s t in tense  d ry  period , the re  is no 
evidence fo r enhanced  d i® 0  v a r ia b ility  a fte r th is  tim e , as w o u ld  be 
expected i f  E l N ino  becam e m ore d o m in a n t. S pectra l ana lys is  o f the  CT-7 
d i^ o  va lues d isp la y  decada l to  m u ltid e c a d a l v a r ia b ility , in d ic a tin g  th a t 
low  frequency E N S O -band  va riance  w as p resen t th ro u g h o u t the  m idd le  
Holocene.
M any  researchers suggested th a t  m o de rn  ENSO events began betw een 
7000  a nd  5000  y rs  B.P. and  have increase in  frequency  and  in te n s ity  to 
the  p resen t (Sandw eiss e t a l., 20 01 ; R odbell e t a l., 1999; M oy e t a l.,
2002). Sandw eiss e t a l. (2001) suggested th a t m o d em  ENSO events were 
absen t before 58 00  y rs  B.P. in  Peru, b u t spec tra l ana lys is  o f CT-7 
grayscale  va lues in d ica te  decada l to  m u ltid e ca d a l c lim a te  v a r ia b ility
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th ro u g h o u t the  m id-H olocene. Speleothem  lum inescence , w h ic h  1 
in te rp re t as a ra in fa ll/m o is tu re  p roxy  reco rd , d isp la ys  d a rk  dense bands 
re p re se n tin g  s low  d r ip  ra tes and d r ie r  co n d itio n s , a n d  w h ite  porous 
bands in d ica tive  o f increased d r ip  ra tes a n d  w e tte r co n d itio n s . A n 
im p o r ta n t fea tu re  o f the  n o rm a lize d /d e tre n d e d  grayscale tim e  series 
(F igure 4 .1 0  A) is a change in  ch a rac te r o f v a r ia b ility  a t ~7ka. A lth o u g h  
p rev iou s  s tu d ies  suggested an  increase in  E N S O -band  va riance  a fte r 7ka  
(Koutavas e t a l., 2002 ; O tto -B le isne r, 1999; T udhope  e t a l., 2001; 
C le m en t e t a l., 2000), CT-7 grayscale a n a lys is  ind ica te s  g reater 
v a r ia b ility  before th is  tim e . D espite  the  evidence fro m  S o u th  A m erica  
suggesting  th a t ENSO w as w eak o r a b sen t p r io r  to  -5 8 0 0  y rs  B.P. 
(Sandw eiss e t a l., 2001), the  CT-7 grayscale  tim e  series suggest th a t 
E N S O -band  va riance  w as o ccu rrin g  th ro u g h o u t the  m id-H o locene .
The coup led  in te ra c tio n s  o f the  ocean-a tm osphere  system  associated 
w ith  ENSO o ccu r on  b o th  a n n u a l and seasonal cycles, and  are a lso 
affected b y  e x tra - tro p ic a l fo rc ings  (C lem ent e t a l., 1999). Evidence o f an 
active  PDO d u r in g  the  m idd le  Holocene is  suggested by  spec tra l ana lys is  
o f the  Ô^^O tim e  series, w h ic h  illu s tra te s  spe c tra l pow er o c c u rrin g  a t 
decadal to  m u lti-d e c a d a l p e rio d ic itie s  (F igure  4.5). M inobe  (1999, 2000) 
used  w ave le t a n a lys is  o f SST and  SLP fro m  th e  N o rth  Pacific  (n o rth  o f 20° 
N), the  ep icen te r o f the  PDO, and  fo u n d  the  m o s t s ta tis t ic a l pow er 
o c c u rr in g  in  the  15-25 yea r and  50 -70  yea r pe rio d ic itie s . The PDO 
p roduces  s im ila r  c lim a te  anom a lies  as those p roduced  w ith  ENSO
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va ria tio n s , th o u g h  n o t as extrem e (M an tua  and  H are, 2002). In  C en tra l 
A m erica  and  n o rth e rn  S o u th  A m erica , the  w a rm  phase o f the  PDO 
co incide  w ith  d ry  pe riods, m u c h  like  the  w a rm  phase o f ENSO (M a n tu a  
and H are, 2002). A lth o u g h  the re  are m any  d e n d ro c lim a tic  
re c o n s tru c tio n s  o f th e  PDO (e.g. A rrigo  e t a l., 2001 ; B lo n d i e t a l., 2001; 
G ray e t a l., 2003), th e  CT-7 Ô^^O tim e  series ind ica tes  ra in fa ll v a r ia b ility  
on decadal to  m u ltid e c a d a l tim esca le , suggesting  th a t the  PDO was 
active a t m o d e rn  p e rio d ic itie s  d u r in g  the  m id d le  Holocene. D ecada l to 
ce n te n n ia l scale c lim a te  v a r ia b ility  is  p resen t in  the  Ô^^O record  o f fo ram s 
from  a S an ta  B a rb a ra  B as in  sed im en t core, and  p rovides s u p p o rtin g  
evidence fro m  m o d e rn  PDO p e rio d ic itie s  d u r in g  the  m id-H o locene  
(F ridde ll e t a l., 2003).
The m a in  evidence fo r an  active  PDO d u r in g  the  m id d le  Holocene is 
suggested by w ave le t a n a lys is  o f the  grayscale tim e  series, w h ich  
illu s tra te s  s ta t is t ic a lly  s ig n ific a n t va riance  o c c u rrin g  a t the  tw o  m a in  
PDO p e rio d ic itie s , 15-25 and  5 0 -70  years (M inobe, 1997), th ro u g h o u t the  
in te rv a l o f g ro w th . D esp ite  the  la c k  o f PDO p e rio d ic itie s  in  the  6^®0 and  
w ave le t a na lys is , the  presence o f PD O -band va riance  in  the  
grayscale tim e  series is  in te rp re te d  as in d ic a tin g  th a t  the  PDO w as active 
th ro u g h o u t the  m id d le  Holocene.
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S olar V a r ia b ility  
V a ria tio n s  in  so la r a c tiv ity  and  in te n s ity  are recorded by 
va ria tio n s  (S tu ive r and  B raz iu n a s , 1993) fro m  tree r in g s  and  o th e r p roxy  
da ta , and has been suggested as the  p r im a ry  co n tro l on  ce n te n n ia l to 
decadal scale changes in  ra in fa ll and  in te n s ity  o f the  In d ia n  Ocean 
m onsoon  (Neff e t a l., 2001). A lth o u g h  the re  is  no d ire c t co rre la tio n  
betw een the  a tm o sp he ric  d a ta  and  the  C T-7 6^®0 va lues, spectra l 
an a lys is  o f the  Ô^^O tim e  series in d ica te s  s ta tis t ic a lly  s ig n ific a n t pow er a t 
1 0  and  191 years, w h ic h  are s im ila r  to  the  1 1  and  206  yea r so la r cycles, 
and  m ay be a re s u lt o f so la r forced v a ria tio n s  in  a tm o sp he ric  A^^^C 
va lues. M in o r va r ia tio n s  in  so la r v a r ia b ility  co u ld  be a m p lifie d  due to 
changes in  a tm o sp h e ric  a n d /o r  oceanic c irc u la t io n  (Neff e t a l., 2001) and 
there fo re , m ay re s u lt in  some feedback m echan ism  th a t  can ac t toge ther 
w ith  ENSO p ro d u c in g  reg iona l c lim a tic  anom a lies  in  C en tra l Am erica.
A tla n tic  C lim a te  V a r ia b ility  
A lth o u g h  m odern  c lim a te  v a r ia b ility  in  the  Pacific  Ocean is  do m ina ted  
by  ENSO and  the  PDO, C osta  R ica m ay a lso be affected b y  A tla n tic  
Ocean v a r ia b ility . For exam ple , ENSO forces w eaker A tla n tic  SST 
anom a lies  w ith  a lagged response o f a p p ro x im a te ly  8  m o n th s  
(H as te n ra th , 1978). Evidence fro m  C C M  m ode ling  s tud ies  suggests th a t 
th e  A tla n tic  Ocean is a lso capable o f fo rc in g  ra in fa ll anom alies 
th ro u g h o u t n o rth e a s t S o u th  A m erica . W hen w a rm  SST anom a lies  o ccu r
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in  the n o r th  tro p ic a l A tla n tic , n o rth e a s t S ou th  A m e rica  experiences d iy  
co n d itio n s , s im ila r ly  to  C osta R ica. Therefore, c lim a te  v a r ia b ility  in  the  
A tla n tic , such  as the  N o rth  A tla n tic  O sc illa tio n  (NAO) and  A tla n tic  
M u ltid e ca d a l O s c illa tio n  (AMO), m ay also a ffect c lim a te  in  C osta  R ica.
C arbon  Isotopes
P a leoenv ironm en ta l in te rp re ta tio n s  based on  spe leo them  6 ^^C va lues 
are ex trem e ly  com p lex  due to  the  m a n y  fa c to rs  th a t can  in flu e n ce  
va lues. B o th  e q u ilib r iu m  and  k in e t ic  fra c tio n a tio n  can  a lte r the  d^^C 
va lues. A lth o u g h  the  ra w  Ô^^C and  Ô^^O co rre la tio n  show  a w eak 
re la tio n s h ip  m o s t l ik e ly  due to  h ig h  frequency noise (r^=0.36), the  7 -p t 
ru n n in g  averaged and  Ô^^O va lues are h ig h ly  co rre la tive  (r^=0 .6 8 ), 
suggesting  a com m on  fo rc in g  m ech an ism  fo r the  co va ria tio n . C ova ria tion  
betw een the  and  Ô^^C va lues  is  lik e ly  to be due to  v a r ia tio n s  in  so il 
re s p ira tio n  ra tes. I in te rp re t h ig h e r (lower) Ô^^C va lues co inc ide  w ith  d r ie r  
(wetter) co n d itio n s  in fe rre d  fro m  the  record , w h ic h  is  a com m on 
re la tio n s h ip  observed in  o th e r tro p ic a l s ta lagm ites  (B u rn s  e t a l., 2002). 
D rie r p e riods  m a y  re s u lt in  a th in n e r  w a te r f i lm  on the  t ip  o f the  
s ta lagm ite  due to  s low er d r ip  ra tes  in to  the  cave, e n ha n c ing  CO 2 
degassing and  e n r ic h in g  the  d^^C va lues. In  reg ions w here  the  a m o u n t 
e ffect is  the  d o m in a n t iso to p ic  c o n tro l, reduced  ra in fa ll increases the  
d^^O va lues w h ic h  m ay  be enhanced  by evapo ra tion  w ith in  the  cave in  
c o rre la tio n  w ith  d^^C va lues (F le itm a n n  e t a l., 2004), a lth o u g h
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evapo ra tion  w ith in  p o o rly  ve n tila te d  tro p ic a l cave system s, su ch  as 
Terc iope lo  cave, is  n o t like ly . I t  m ay be possib le  th a t the  va lues in  
spe leothem s are m ore  sensitive  in d ic a to rs  o f c lim a te  v a r ia b ility  th a n  
va lues in  the  tro p ics , as suggested b y  increased v a r ia b ility  in  the 
tim e  series (F igure 4.3) com pared to  the  tim e  series (F igure 4.2)
S im ila r ly , d^^Q va ria tio n s  have been lin k e d  to  va ria tio n s  in  ENSO 
s tre n g th  and  frequency, p ro d u c in g  v a r ia tio n s  in  tro p ic a l ra in fa ll d^^O 
va lues w h ic h  forces changes in  b io lo g ica l re s p ira tio n  ra tes in  the  so il 
zone (F rapp ie r e t a l., 2002 ; B u rn s  e t a l, 2002). d^^C va lues fro m  a 
spe leothem  in  Belize reveal a s tro n g  c o rre la tio n  to the  S o u the rn  
O sc illa tio n  Index  (SOI), p ro v id in g  evidence th a t  EN SO -re la ted changes in  
the  te rre s tr ia l ca rbon  cycle can  be recorded  b y  speleothem s, despite  the  
fa c t th a t Belize does n o t experience a change in  w ea the r p a tte rn s  
co m m on ly  associa ted w ith  the  SOI (F rapp ie r e t a l., 2002). The CT-7 d^^C 
va lues in d ica te  th a t  a lth o u g h  the  c lim a tic  response to  ENSO m ay be 
w eak, as suggested by  the  d^^O va lues, the  ecological system  m ay be 
m ore sensitive  to  c lim a tic  v a r ia b ility  (F ra pp ie r e t a l., 2002).
C o va ria tion
F igure  5.2 i llu s tra te s  th a t d^^O, d^^Q^ and  grayscale va lues va ry  in  a 
co n s is te n t m a n ne r, w h ic h  are in te rp re te d  as be ing  forced by  changes in  
the  a m o u n t o f p re c ip ita tio n . The presence o f com m on peaks (labeled #1- 
1 2 ) in  the  d^®0 , d^^C, and  grayscale  tim e  series, im p ly  th a t the re  is  a
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com m on fo rc in g  m echan ism  respons ib le  fo r  the  observed cova ria tion . I f  
a ll th ree  p rox ies  d isp la y  s im ila r  p a tte rn s  o f change a n d /o r  tre n d s , th e n  i t  
is  lik e ly  th a t  a com m on e n v iro n m e n ta l va ria b le  is invo lved  (C u rtis  e t a l.,
1998). R a in fa ll v a r ia b ility  is  in te rp re te d  as the  d o m in a n t force a ffec ting  
grayscale va lues, and  there fore , grayscale va lues  can  a lso be used as a 
m o is tu re  p roxy . The observed co va ria tio n  betw een the  Ô^^O, Ô^^C, and 
grayscale va lues  is  in te rp re te d  as be ing  forced by ra in fa ll,  such  th a t 
d u r in g  E l N ino  events a n d /o r  the  w a rm  phase o f th e  PDO, d r ie r  
co n d itio n s  o ccu r on  the  Pacific slope o f C osta  R ica (W aylen e t a l., 1996). 
D r ie r  co n d itio n s  (h igh  values) lead to  a decrease in  so il m o is tu re  
and  a decrease in  b io log ica l re s p ira tio n  (h igh  d^^Q va lues). As a re s u lt o f 
a d r ie r c lim a te , less w a te r perco la tes th ro u g h  the  so il zone an d  in to  the 
cave, re s u lt in g  in  d a rk e r /d e n s e r lam inae  (h igh  grayscale  values).
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F igu re  5 .1 . C om p a rison  betw een the  Laguna  P a llcacocha ENSO red 
in te n s ity  record  (M oy e t a l., 2002) and  CT-7. A) C T-7 va lues w ith  
7 -p t ru n n in g  average in  bo ld . B) CT-7 grayscale va lues  w ith  2 1 5 -p t 
ru n n in g  average in  bo ld . C) C T-7 ô^^C va lues w ith  7 -p t ru n n in g  average 
in  bo ld . D) Lagun a  Pa llcacocha, E cua do r sed im en t core red in te n s ity  
reco rd  w ith  7 -p t ru n n in g  average in  bo ld .
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F igu re  5.2. C om parisons  o f a ll th ree  d e tre n d e d /n o rm a liz e d  d a ta  
sets w ith  a 7 -p t ru n n in g  average superim posed  fo r th e  and 
tim e  series and  a 2 1 5 -p t ru n n in g  average fo r th e  grayscale 
tim e  series, w h ic h  illu s tra te  co rre la tive  peaks labe led  by  # 1 - 1 2 . 
A) G raysca le  tim e  series. B) tim e  series. C) ô^^C tim e  series.
D a ta  show n in  s ta n d a rd  de v ia tio n  u n its .
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CHAPTER 6
CONCLUSIONS
V a ria tio n s  in  ENSO a nd  the  PDO im p a c t c lim a te  w o rld w id e  due to 
changes in  the  h e a t budge t o f the  tro p ic a l Pacific, w h ic h  can d is ru p t 
w ea the r p a tte rn s  in  rem ote  reg ions due to  the  com p lex te leconnec tions  o f 
the  ocean-a tm osphere  system . The m idd le  Holocene is  a key tim e  pe riod  
in  w h ic h  m a n y  p ro xy  records suggest the  onset o f m odern  ENSO 
co n d itio n s  (Sandw eiss e t a l., 2001 , R odbe ll e t a l., 1999; M oy e t a l., 2002).
Speleothem s fro m  tro p ic a l areas are idea l geologic m a te ria l th a t  can 
be used as te rre s tr ia l pa leoc lim a te  p rox ies  because th e y  can  be p rec ise ly  
da ted  u s in g  U -series isotopes and  m ay grow  c o n tin u o u s ly  fo r several 
th o u sa n d  years. S pe leothem -based ENSO pa leoc lim a te  records can 
prov ide  h ig h -re s o lu tio n  records th a t extend the  c lim a te  reco rd  to  p re - 
h is to r ic a l tim e s  and  can e lu c id a te  Pacific  c lim a te  v a r ia b ility .
D u r in g  the  m id -H o locene , p ro xy  evidence and  m o de ling  s tud ies  
suggest a suppressed  a n d /o r  w eakened ENSO com pared  to  the  m odern  
ENSO cycle (C lem en t e t a l, 2000 ; T udhope  e t a l., 2001 ; O tto -B le isn e r,
1999), b u t  th is  s tu d y  suggests th a t  in  C osta R ica, and  m o s t lik e ly  
th ro u g h o u t m u c h  o f C e n tra l A m erica , low -frequ en cy  ENSO and  the  PDO
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pers is ted  th ro u g h o u t the  m id-H o locene , fro m  -7 8 9 0  and  6490  y rs  B.P. 
The a n d  grayscale va lues fro m  s ta lagm ite  CT-7 suggest the re  was 
no s ig n ific a n t regim e s h if t  a t -  7 ka , ra th e r  p e rs is te n t decadal to 
m u ltid e ca d a l v a r ia b ility  is  o c c u rrin g  th ro u g h o u t the  sam ple. Low- 
frequency ENSO a n d /o r  the  PDO seem to  be ope ra tin g  in  C osta R ica 
th ro u g h o u t the  m id-H o locene .
D esp ite  the  com p lex processes and  m echan ism s th a t in flu e n ce  Ô^^C 
va lues in  spe leothem  ca lc ite , the  Ô^^C va lues  ob ta in ed  fro m  sta lagm ite  
CT-7 m o s t lik e ly  reco rd  vegeta tion  type and  va ria tio n s  in  the  a m o u n t o f 
b io log ica l re sp ira tio n . I f  th is  is  the  case, the  va lues m ay be a m ore 
sensitive  c lim a te  p ro xy  th a n  fii^O  va lues in  the  trop ics . G rayscale va lues 
are assum ed to be dependent on the  a m o u n t o f in f i l t ra t in g  w a te r in to  the  
cave system  and  can  p rov ide  an  a d d it io n a l p ro xy  fo r  in f i l t ra t io n  /  d r ip  ra te  
in to  the  cave.
A ve ry  p ro m in e n t re la tio n s h ip  ex is ts  betw een the  61^0, S^^C, and 
grayscale va lues (F igure 5.4), suggesting  a com m on geological process o r 
m e ch an ism  lin k in g  a ll th ree  p rox ies  toge ther. T ro p ica l c lim a te  v a r ia b ility  
is  d o m in a te d  by  ENSO, su ch  th a t  d u r in g  E l N ino  events in  C osta R ica, 
enhanced  o rog raph ic  ra in fa ll o ccu rs  on  the  C aribbean  slope, w h ile  d r ie r  
co n d itio n s  o ccu r on  the  Pacific  slope (W aylen e t a l., 1996). Based on  the  
a m o u n t e ffect (D ansgaard , 1964), d r ie r  co n d itio n s  forced b y  E l N ino 
p roduce  h ig h e r va lues. Less m o is tu re  leads to  a decrease in  
b io log ica l re s p ira tio n  ra tes  and  p roduces h ig h e r Ô^^C va lues. Due to  d r ie r
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co n d itio n s , less w a te r in f iltra te s  th ro u g h  the  so il zone, lim es tone  
bedrock, and  in to  the  cave system , p ro d u c in g  s low er d r ip  ra tes  in to  the  
cave and  d a rk e r /d e n s e r ca lc ite  layers.
S ince c lim a te  in  the  tro p ics  is  re la tive ly  stab le  th ro u g h o u t the  year, 
the  d o m in a n t c o n tro l on c lim a te  v a r ia b ility  in  C osta  R ica  w o u ld  be ENSO 
a n d /o r  the  PDO. The pa leoc lim a te  record  generated fro m  s ta lagm ite  CT-7 
dem onstra tes  decada l ra in fa ll v a r ia b ility  th ro u g h o u t the  in te rv a l o f 
g ro w th  o f C T-7, w h ic h  can be in te rp re te d  as ENSO and  PDO band  
variance.
V a ria tio n s  in  the  s tre n g th  and  frequency o f ENSO a n d  the  PDO 
im p a c t c lim a te  w o rld w id e , due to  the  com plex in te ra c tio n  betw een the  
ocean-a tm osphere  system  in  th e  tro p ic a l Pacific Ocean. P resently , ENSO 
operates on a 2 -7  ye a r frequency  (Moy e t a l., 2002), b u t  the  pa leoc lim a te  
record  suggests th a t  th ro u g h o u t the  Holocene, ENSO has va ried  in  bo th  
s tre n g th  and  frequency. B y e lu c id a tin g  p a s t v a r ia tio n s  in  the  ENSO 
cycle, the  fu tu re  w il l  b e n e fit fro m  b e tte r ENSO p re d ic tio n s  w h ic h  can 
a ffec t socie ties a ro u n d  the  w o rld . D e te rm in in g  ENSO a n d  PDO v a r ia b ility  
th ro u g h o u t the  H olocene w il l  h e lp  resolve the  h is to ry  a n d  dyn am ics  o f 
tro p ic a l Pacific  c lim a te  v a r ia b ility .
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APPENDIX I
STANDARD PROCEDURE - CARBO NATE U-SERIES CHEM ISTRY 
(M odified  fro m  the  U n iv e rs ity  o f M in n e so ta  and app lied  a t U n iv e rs ity  o f
New Mexico)
1. Add a few d rops  o f c lean w a te r to  30  m l te flon  beaker (to avoid 
d ispe rs ing  pow der).
2. Add sam ple (-2 0 0  to  300  mg) th e n  add enough w a te r to  cover sam ple 
(no more).
3. Add d rops  o f 15N H N O 3  u n t i l  fizz ing  stops.
4. Spike sam ple (-1  g o f spike) - see s p ik in g  procedures.
5. D ry  down.
6 . Add a few d rops  o f 15N H N O 3  u n t i l  ju s t  wet. M ay need to  reduce 
vo lum e by  heating .
7. Add a couple  o f d rops  o f p e rch lo ric  ac id . D ry  dow n.
8 . Re-dissolve in  2N H C l (-2 -4  m l), th e n  add enough  H 2 O to  ensure  th a t
the  sam ple is e n tire ly  d isso lved. (W ARNING - do n o t use 6 N H C l d u r in g  
th is  step.)
9. T ra ns fe r so lu tio n  to  ce n tr ifu g e  (CF) tubes . Use the  12 m l tubes.
10. C lean the  30 m l beaker w ith  6 N H C l, th e n  H 2 O; -1  m l a t a tim e  
w a rm in g  on a h o t p la te . Do th is  as y o u  are ce n tr ifu g in g  the  sam ple a fte r 
c o -p re c ip ita tio n .
11. Add a b o u t 2 d rops  o f F e -so lu tion .
12. Add w a te r to  m ake  s o lu tio n  vo lum e  - 5  m l. (do n o t need to  be exact)
13. C o-p rec ip ita te  U  &  T h  w ith  a m m o n iu m  hyd rox id e  (NH4 OH). Add 
d rops o f N H 4 OH u n t i l  pH =7. You w il l  see the  Fe coagu la te  and 
p rec ip ita te .
14. M ake sure  th a t ce n trifu ge  ca n is te rs  are ba lanced  to  w ith in  -0 .1 0  g.
15. A fte r 4 m in u te  CF a t 2700  rp m , d e can t so lu tio n  (do n o t loose 
p rec ip ita te !).
16. W ash w ith  H 2 O (add H 2 O and  s t ir  w ith  te flon  rod), th e n  add 1 d rop  
o f N H 4 OH.
17. Repeat 4 m in u te  c e n tr ifu g a tio n  a n d  d ecan t so lu tio n .
18. Add -4 -5  d rops  15N H N O 3  to  d isso lve  p re c ip ita te  and  tra n s fe r back
to  30 m l beaker.
19. D iy  EASY.
20. A dd  a n o th e r 3 -4  d ro ps  15N H N O 3  and  d iy  dow n.
21. Sam ple ready to  d isso lve  in  1 c o lu m n  vo lum e 7N H N O 3  fo r load ing  
in to  co lu m n s .
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E lu tio n
Sam ple size: 200  - 300  mg.
C o lum ns: large = 500 jjI, sm a ll = 1 5 0  pi.
C o lu m n  an d  re s in  w ash: 6  CV 6 N H C l, 6  CV H 2 O,
C lean C o lu m n  reservo ir: f i l l  to b r im  w ith  H 2 O, le t re s in  se ttle  and  em pty  
w a te r
C o lu m n  co n d itio n in g : 6  CV 7N H N O 3 .
1st Stage o f C o lu m n  W o rk  
large c o lu m n  = 500 pi 
Load 1 CV 7N H NO 3
C lean 0 .7 5  CV 7N H NO 3
Clean 0 .75  CV 7N H N O 3
clean 30  m l beaker w ith  ~ 1 m l o f 6 N H C l on  h o t p la te , th e n  w ith  ~ 1 m l 
w a te r on  h o t p la te . R inse w e ll w ith  w ater.
C olleet T h  4 CV 6 N H C l
(1 CV, th e n  3 CV) 
d ry  dow n 
C o llec t U 1 CV H 2 O
3 CV H B r (IN ) 
d ry  dow n
A dd  3 -4  d rops  15N H N O 3 , d ry  aga in  easy.
Repeat.
2 n d  Stage o f C o lu m n  W o rk  
sm a ll c o lu m n  = 150 pi 
Load (Th) 1 CV 7N H N O 3
Clean 1 CV 7N H N O 3
Clean 1 CV 7N H N O 3  o p tio n a l
C lean 1 CV 7N H N O 3  o p tio n a l
C o llec t T h  3 CV 6 N H C l Do not clean beaker! (1 CV, th e n  2 CV) 
d ry  dow n 
C lean 10 CV H 2 O
C o n d itio n  6  CV 7N H N O 3
Load (U) 1 CV 7N H N O 3
C lean 2 CV 7N H N O 3
C lean (op tiona l) 2 CV 6 N H C l
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C ollec t U  1 CV H 2 O Do n o t clean beaker!
3 CV H B r (IN ) 
d ry  dow n
A dd  3 -4  d ro ps  15N H NO 3 , d ry  aga in  easy.
Yem ane A sm erom , asm erom @ unm .edu  5 0 5 -2 7 7 -44 3 4  
V ic to r  Polyak, po lyak@ unm .edu  5 0 5 -2 7 7 -1 6 4 0  
R adiogenic Isotope L a bo ra to ry
D e p a rtm e n t o f E a rth  and  P lane ta ry  Sciences, U n ive rs ity  o f New M exico 
200 Yale B lvd , N o rth ro p  H a ll, A lb u q u e rqu e , New M exico 87131
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APPENDIX II
STABLE ISOTOPE DATA
D is t from  
base (mm) 8130 6180 age
D ie t from  
base (m m ) S13C 5180 age
D is t from  
base (m m ) 6130 5180 age
1 -8.21 -8.42 7895 59 -10.50 -8.85 7675 116 -10.39 -8.72 7458
2 -9.06 -8.67 7891 60 -9.75 -8.01 7671 117 -10.62 -8.69 7455
3 -10.10 -8.47 7887 61 -9.63 -7.89 7667 118 -11.63 -9.14 7451
4 -11.24 -8.87 7883 62 -10.20 -8.17 7663 119 -10.24 -8.76 7447
5 -10.26 -8.72 7879 63 -10.35 -8.02 7659 120 -10.08 -8.68 7443
7 -11.09 -8.93 7872 64 -10.04 -8.07 7656 121 -10.08 -7.98 7439
8 -10.67 -8.35 7868 65 -10.62 -8.49 7652 122 -9.98 -8.39 7436
9 -10.59 -8.09 7864 66 -10.19 -8.09 7648 123 -9.29 -8.24 7432
10 -10.61 -8.57 7860 67 -11.03 -8.84 7644 124 -9.17 -8.79 7428
11 -11.03 -9.32 7857 68 -9.99 -7.87 7640 125 -9.53 -8.82 7424
12 -10.89 -8.80 7853 69 -10.81 -8.09 7637 126 -10.21 -8.57 7420
13 -10.71 -8.59 7849 70 -11.25 -8.70 7633 127 -10.09 -8.21 7417
14 -10.24 -8.35 7845 71 -10.56 -8.53 7629 128 -10.12 -8.30 7413
15 -11.35 -8.69 7841 72 -11.12 -8.59 7625 129 -9.75 -8.93 7409
16 -10.09 -8.11 7838 73 -10.75 -8.64 7621 130 -9.57 -8.67 7405
17 -10.62 -9.15 7834 74 -10.30 -8.31 7618 131 -9.85 -8.52 7402
18 -11.51 -8.62 7830 75 -10.96 -8.52 7614 132 -10.37 -8.60 7398
19 -11.19 -8.90 7826 76 -9.36 -7.31 7610 133 -10.71 -8.59 7394
20 -10.71 -8.52 7822 77 -10.34 -8.61 7606 134 -10.58 -8.51 7390
21 -11.37 -8.76 7819 78 -9.36 -8.44 7603 135 -9.57 -8.53 7386
22 -10.63 -8.31 7815 79 -10.19 -7.72 7599 136 -9.25 -8.21 7383
23 -9.89 -8.20 7811 80 -9.68 -8.49 7595 137 -9.01 -6.37 7379
24 -10.93 -8.66 7807 81 -9.52 -8.21 7591 138 -10.02 -8.58 7375
25 -10.30 -8.44 7804 82 -9.84 -8.17 7587 139 -10.19 -8.71 7371
26 -10.85 -8.01 7800 83 -8.93 -7.48 7584 140 -10.32 -8.66 7367
27 -11.60 -8.95 7796 84 -8.30 -8.02 7580 141 -9.93 -8.55 7364
28 -11.94 -8.82 7792 85 -9.60 -8.38 7576 142 -10.62 -8.89 7360
29 -11.17 -8.09 7788 86 -9.41 -8.40 7572 143 -10.29 -8.73 7356
30 -11.12 -8.67 7785 87 -9.47 -8.17 7568 144 -10.00 -8.96 7352
31 -11.11 -8.34 7781 88 -10.05 -8.45 7565 145 -9.53 -8.29 7348
32 -10.39 -8.38 7777 89 -10.48 -8.64 7561 146 -11.12 -9.12 7345
33 -10.62 -8.41 7773 90 -10.04 -8.47 7557 147 -11.07 -8.95 7341
34 -11.04 -8.44 7769 91 -10.81 -8.44 7553 148 -10.60 -8.53 7337
35 -11.37 -8.46 7766 92 -10.48 -8.58 7549 149 -8.68 -7.82 7333
36 -9.83 -7.78 7762 93 -10.70 -8.64 7546 150 -9.20 -8.33 7329
37 -10.89 -8.27 7758 94 -10.66 -8.75 7542 151 -7.91 -8.10 7326
38 -11.27 -8.60 7754 95 -8.55 -7.31 7538 152 -9.96 -8.71 7322
39 -11.00 -8.72 7750 96 -10.42 -8.32 7534 153 -9.37 -8.09 7318
40 -9.53 -8.30 7747 97 -10.52 -10.08 7530 154 -9.28 -7.76 7314
41 -10.15 -8.10 7743 98 -10.19 -8.31 7527 155 -9.89 -8.41 7311
42 -10.44 -8.30 7739 99 -9.51 -7.80 7523 156 -9.36 -8.64 7307
43 -9.61 -8.30 7735 100 -10.67 -8.28 7519 157 -9.09 -8.14 7303
44 -10.19 -8.45 7731 101 -10.42 -8.08 7515 158 -8.59 -6.91 7299
45 -10.97 -8.70 7728 102 -10.20 -8.22 7512 159 -9.09 -7.92 7295
46 -10.77 -8.31 7724 103 -10.64 -8.60 7508 160 -9.17 -8.28 7292
47 -10.66 -8.05 7720 104 -9.88 -8.61 7504 161 -9.87 -8.00 7288
48 -11.06 -8.42 7716 105 -9.42 -8.33 7500 162 -9.51 -7.93 7284
49 -10.68 -8.38 7712 106 -9.59 -8.52 7496 163 -9.73 -8.27 7280
50 -10.27 -8.24 7709 107 -9.54 -8.12 7493 164 -9.07 -8.13 7276
51 -11.19 -8.97 7705 108 -9.80 -8.21 7489 165 -8.84 -8.12 7273
52 -11.54 -8.90 7701 109 -9.52 -8.12 7485 166 -9.23 -7.99 7269
53 -10.79 -8.37 7697 110 -9.75 -8.41 7481 167 -10.06 -9.13 7265
54 -11.73 -9.02 7694 111 -10.27 -8.95 7477 168 -10.35 -8.52 7261
55 -10.31 -8.24 7690 112 -10.45 -8.70 7474 169 -9.51 -8.44 7257
56 -9.27 -8.28 7686 113 -10.37 -8.72 7470 170 -9.42 -8.78 7254
57 -9.09 -8.21 7682 114 -10.39 -8.73 7466 171 -9.56 -8.58 7250
58 -9.02 -8.47 7678 115 -10.05 -8.57 7462 172 -10.49 -8.47 7246
Note: 51^0  and  va lues  represen ted  in  % o  n o ta tio n  
re la tive  to  VPDB
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Dist from 
base (mm) 5130 5180 age
Dist from 
base (mm) 5130 5180 age
Dist from 
base (mm) 5130 5180 age
173 -9.60 -7.95 7242 231 -8.97 -7.54 7022 288 -9.71 -7.70 6806
174 -9.09 -8.01 7238 232 -8.45 -7.37 7018 289 -9.91 -8.01 6802
175 -8.18 -8.02 7235 233 -9.04 -7.74 7015 290 -10.15 -7.87 6799
176 -7.92 -7.83 7231 234 -7.81 -7.68 7011 291 -9.41 -7.67 6795
177 -8.57 -7.67 7227 235 -9.06 -8.33 7007 292 -10.35 -8.20 6791
178 -8.80 -8.50 7223 236 -7.24 -7.34 7003 293 -11.03 -8.59 6787
179 -8.42 -7.96 7219 237 -6.85 -7.61 7000 294 -10.88 -8.52 6783
180 -10.13 -8.42 7216 238 -8.73 -7.83 6996 295 -10.22 -7.96 6780
181 -9.34 -8.43 7212 239 -9.09 -8.13 6992 296 -9.94 -7.43 6776
182 -7.88 -7.66 7208 240 -8.34 -7.63 6988 297 -9.60 -8.39 6772
183 -7.64 -7.72 7204 241 -8.59 -7.61 6984 298 -9.16 -7.79 6768
184 -8.63 -8.22 7201 242 -9.03 -8.24 6981 299 -9.04 -7.69 6764
185 -9.37 -8.43 7197 243 -8.35 -8.04 6977 300 -10.14 -8.03 6761
186 -8.05 -7.99 7193 244 -9.22 -8.28 6973 301 -10.30 -8.40 6757
187 -9.35 -8.35 7189 245 -9.64 -8.07 6969 302 -10.73 -8.57 6753
188 -8.86 -7.86 7185 246 -10.11 -9.15 6965 303 -10.45 -8.37 6749
189 -8.56 -8.03 7182 247 -10.12 -7.90 6962 304 -9.35 -8.40 6745
190 -8.70 -8.08 7178 248 -9.77 -8.10 6958 305 -7.95 -7.75 6742
191 -7.50 -7.38 7174 249 -9.32 -8.10 6954 306 -8.75 -8.60 6738
192 -8.43 -7.44 7170 250 -10.49 -8.58 6950 307 -9.10 -8.28 6734
193 -9.11 -7.63 7166 251 -10.17 -8.38 6946 308 -9.07 -8.65 6730
195 -8.87 -7.63 7159 252 -9.55 -8.52 6943 309 -9.31 -8.68 6726
196 -8.99 -7.57 7155 253 -10.62 -8.43 6939 310 -8.61 -8.30 6723
197 -9.31 -8.33 7151 254 -11.61 -8.93 6935 311 -9.32 -7.95 6719
198 -9.45 -9.03 7147 255 -10.85 -8.69 6931 312 -9.54 -8.27 6715
199 -9.17 -8.31 7144 256 -10.32 -8.53 6927 313 -9.47 -8.11 6711
200 -10.17 -9.02 7140 257 -10.99 -8.36 6924 314 -9.98 -8.70 6708
201 -11.04 -8.84 7136 258 -10.77 -8.93 6920 315 -9.40 -8.59 6704
202 -9.50 -8.27 7132 259 -10.04 -8.27 6916 316 -8.65 -8.94 6700
203 -8.97 -7.94 7128 260 -10.33 -8.19 6912 317 -8.18 -7.76 6696
204 -9.87 -8.90 7125 261 -11.02 -8.92 6909 318 -7.89 -8.25 6692
205 -10.21 -9.20 7121 262 -9.43 -8.33 6905 319 -8.35 -8.87 6689
206 -10.63 -10.00 7117 263 -9.74 -8.24 6901 320 -7.27 -7.39 6685
207 -9.13 -8.39 7113 264 -10.34 -8.50 6897 321 -8.17 -8.19 6681
208 -9.58 -8.61 7110 265 -9.62 -8.33 6893 322 -9.08 -8.34 6677
209 -9.65 -8.72 7106 266 -9.47 -8.11 6890 323 -11.00 -8.12 6673
210 -10.07 -9.30 7102 267 -9.96 -7.94 6886 324 -10.29 -8.52 6670
211 -9.85 -8.66 7098 268 -10.01 -7.97 6882 325 -11.46 -9.09 6666
212 -9.42 -8.69 7094 269 -9.62 -7.89 6878 326 -11.51 -8.61 6662
213 -9.21 -8.32 7091 270 -10.50 -8.85 6874 327 -11.16 -8.57 6658
214 -8.69 -9.00 7087 271 -10.03 -7.87 6871 328 -10.72 -8.85 6654
215 -8.71 -8.70 7083 272 -10.64 -7.98 6867 329 -9.83 -8.93 6651
216 -9.27 -8.22 7079 273 -9.94 -8.23 6863 330 -9.28 -8.65 6647
217 -8.58 -7.57 7075 274 -10.02 -8.71 6859 331 -8.46 -8.14 6643
218 -9.10 -7.52 7072 275 -10.83 -8.09 6855 332 -8.67 -8.14 6639
219 -8.68 -7.51 7068 276 -9.60 -7.77 6852 333 -10.10 -9.02 6635
220 -8.73 -7.85 7064 277 -10.06 -7.36 6848 334 -10.54 -9.30 6632
221 -9.51 -8.06 7060 278 -10.31 -8.59 6844 335 -10.75 -8.31 6628
222 -9.03 -8.29 7056 279 -10.07 -7.94 6840 336 -11.45 -9.07 6624
223 -8.33 -7.94 7053 280 -10.55 -8.68 6836 337 -9.97 -8.40 6620
224 -8.12 -7.28 7049 281 -10.54 -10.17 6833 338 -10.25 -8.43 6617
225 -7.61 -6.69 7045 282 -9.20 -7.64 6829 339 -10.18 -8.27 6613
226 -8.68 -7.65 7041 283 -9.92 -7.67 6825 340 -10.47 -8.33 6609
227 -8.39 -7.54 7037 284 -9.53 -7.96 6821 341 -11.77 -9.75 6605
228 -8.30 -7.50 7034 285 -9.51 -7.49 6818 342 -11.11 -8.94 6601
229 -8.00 -7.49 7030 286 -9.67 -7.58 6814 343 -11.20 -8.82 6598
230 -9.05 -7.60 7026 287 -10.10 -7.90 6810 344 -11.43 -9.11 6594
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Dist from 
base (mm) S13C 8180 age
345 -11.16 -8.76 6590
346 -11.14 -8.21 6586
347 -11.13 -8.49 6582
348 -10.96 -8.28 6579
349 -9.78 -8.09 6575
350 -10.07 -8.12 6571
351 -7.93 -8.00 6567
352 -9.26 -8.48 6563
353 -9.71 -8.26 6560
354 -8.51 -8.05 6556
355 -9.10 -8.09 6552
356 -9.59 -8.06 6548
357 -10.26 -8.44 6544
358 -9.72 -8.39 6541
359 -9.31 -8.20 6537
360 -8.46 -7.86 6533
361 -8.89 -7.98 6529
362 -8.74 -8.19 6525
363 -9.22 -8.55 6522
364 -9.10 -8.38 6518
365 -10.99 -8.57 6514
366 -10.61 -8.30 6510
367 -10.13 -8.06 6507
368 -9.81 -8.09 6503
369 -9.89 -8.11 6499
370 -9.46 -7.77 6495
371 -8.22 -7.29 6491
372 -6.84 -7.16 6488
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